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Abstract

Geos ynrtehienficcrced retaining (GRR) walls have b
shall ow foundations. This technology eliminat
pil es, to support bridges. dHoomeercerso lfiani ted ¢
performance of GRR abut ment walkl sbhspéncshvectse d
wereto(®yvaluate the performance of t mhendGRR )wal
to devel op métahbloatgkatfall specrteidosnc r f a © & RRe wtall ¢ me min d
the footing | oading. To faedmprehensivetexperimentalstudy r e s

andanalytical analysis were conducted.

| nhi ¢t ydw! | ouwk rceoensdtusc vatluabeethe effect of t
met hod wusing an airbag with and without stif/f
pull out caphllcetdfec@axamaenseibheoiflgetmganisdgi | i n a
boXhe -inminf orm pressure distribution resulting
pull out resistance of the reinforcement as <co
al so show that the displ acemarstverisre thltag areo ®s

when the nor mal | oad was applied through stif

Thstudy investigated the combined effects
measured strains on the upper anky |wmweaeppisn g et
speci meacyvylrioruchedr of di fferent diameters. The t
bendi ng, and friction reduced the average upp

tension only. The aeaykiandgretiifameten thd metash



on the cylinder.

The experi memuaead teiisggehetddydsccead e GRR abut ment
wr apgpradund and modul ar concrete block facing s
undaerpl ane strain condition. Tdheef |seectfttiltodnmese fitas | @
the vertical ansg t aest kmal eemag trhe ipmrfecsrscueneent , an
wer e evlahiteleassgae d!| t s s howerd btlhoactk ithigec i amogd ealcait i v e |
structur al el ement reduced the foatowmmgdsfeaci e
Mor eover, t he dmd X i@ mnd mt ohhea-aweroaaphple d aci ng wal | w a
t han that odck hfeacornomdagu lvaal Iblunder the same appl
maxi mwemti cal stress was | arger than the cal ct
t h2ee 1 di stribution method at the centegsdume of
was recorded a0. THeaddlpdosoOtheDwaiH|It heitghp )of
with modul ar bl ock and wrapped fawaegusedspe®
calcul ate the | ateral ear,t hwipiph e xir macideldaytc ma t
measured for thar ovand fwaaghn gvreamwptdd er ent fr om
with modul ar bl ock facing. Shall ow, mi ddl e,

model s at failure.

Thisst adyso i nvketefjheetd ofglfomdli ngt 4 mialdii thy o
with warmnepprerd and moddhar | bmo ¢t ke @ b(oill.eap.r,i utmhe Bi
modi fi ednoet hed Sp)ée mcéiundmelh @oBe SSAspdogoanchewas
critsildgl surfaces and their otortrhees peoirsgthan ger d dat
experimental model s a&he .t 8hscasankit hteot 1 enst e
t hcer i sil ¢ @l d urefnaboygfssheodp' s modi fi ed megdirotd vaerdig €S

iv



met hroedasoamgie&wgt h t hose observed in (Thadawall s
analsylssdwemlx ponenti al relationship between the
Bi shop meéhmdxamdmt hdaafelreadt sfdarefiancge s et t | ement

walls under .footing | oading
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Chaptlemt doducti on

1. Background

Geos ynrtehienfioccr ced soi |l ( GRS) I's a composite so
geosynthetics as reinforcement in soi/l (Wu et
empl oyed in the construct i oonpeosf, raentdaisnhian g owa |
(e.g., Badakhshan and Noorzad, 2017; Jiang et
Rahmaninezhad et al ., 2009reiWuf etcad .netl®i0li) n

have been extemanygdiyt autsieadn isawsit gms o0 bLaphbi

roadways and rail ways, bridges, and traffic |
2016; Tatsuoka et al., 2014; Yang etHealégeh 201:
al ., 2001). The i mportant factors for gl obal :
and fast construction, excell ent seismic per:
settl ement (e.g., Leshchbeskpha2a014t khée 21009
I n recent years, there has been an increase ir
foundati ons of bridges instead of traditional

2005; Lee and tWa¢chmrRd®dlOdlgy, |GRR hwal | s support b
footings constructed directly on the reinforc
Two obvious benefits of this technology are t

wi tthr adi ti onal pile foundation option and mini



2005; Hel wany -Héj lagh ,et208B,;, ABQO01) . Bridge b

di fferenti al s estutplpeommetnetd baebtuwt eneennkpsielmansl. appr oac

GRR walls can have rigid or flexible facing.
concrete panel s;i pdiatchee r( Ymrnegc aeestt adr. ,c &20Dt0 9 ; Lee
al ., 1997). However, filcexwrimmepefradc if mg i magn bneo dgie
bl ocks, natural rocks, or gabions -g™uured fadci, n
is commonly wused for: (1) temporary strauctur e:
construttemanse (3) walls with | ow aesthetic 1
wi || béeath@dedr otecti on and aesthetic appear a

(commonly used in Japan) (Holtz and Lee, 1998

Al t hough severmal cehddttedhbuoweebakbuate the bet
flexible faecimghtumdesuselhfarge (e. g. Behijamg net
et al BathB0OO%t et al., 2006; Bat hurst lkdeml . ,
conducted to evaluate the behavior of t he GRF
Di fferent from typical GRR wal |l s, GRR abut men
| oiandghat are close to the wal8,; fXaicaionget( Riahman2O
not only the stability of the GRR walls but a
footing should be considered in design (Xiao
flexible fmctimg swlvjee bteeof a few studies, the
the footing iIis not wel!/l under stood. Il n addit.i

t he GRR wall-arwund Wwaaeppegd( RahBmamji amlizr, a2 0e@7 a |



Ab-tilej |l eh et al . (2001) mo-mihi ghe GRRhabpé¢ meoat ma
holdowed concrete block facing during constru

t he behawvmhirg hesfd adl 5 GBRR @watbnf ngarateoa under

Xiao et al. (2016) evaluated the relationshig
footing and its offset distance to the modul ar
walls umgetododiong. Kakrasul et al . (2016) st
walls with modul ar -pgaoaxc& rfeatcainmge danfdi IIli mint car
| aboratory. I n addition, a few numerntawabktsd
(e. g., Leshchinsky, 2014; Fakharian and Attar
Hel wany et al ., 2003).

1.@Qbjective

The obsjpdcttihveretf@wdy nwetsrteagatcki stri buti ons and
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2. Bedusedl e model test s

23. Xi ao et al. (2016)

Xiao et al. (2016) presentéleresults of a series of reduesedale model tests on the GRS walls

with modular block facing subjected to static loading to investigate thet®bdf the offset distance

of a strip footing, the width of the strip footing, the length of geogrid reinforcement, and the
connection mode between geogrid and facing, on the ultimate bearing capacities of the strip
footings on the GRS walls. The modedls were designed at a scéetorof 1/5 to typical field

walls. Xiao et al. (2016) found that the footings on the GRS walls with 0.7H (H is the wall height)
long reinforcement reached the maximum bearing capacities at the offset distances of 0.3H and
0.4H in the wall tests with mechanical and frictional connections, respectively. Moreover, when
these walls had the geogrids with longer reinforcement length (2H), the ultimate bearing capacity
increased with the offset distance of the footing and becamstasd when the offset wéarger

than 0.4H.

2. 3. 2. Kakrasul (2018)

Kakrasul (2018) conducted a series of laboratory model tests to investigate the performance of
geosynthetic reinforced retaining (GR®alls with modular block facingonstructed with limited

fill space subjected to strip footing loaditakrasul (2018) constructed and testeelmodel tests

under a plane strain condition. The model walls were 1.0 m high and 0.45 m wide. In each model
test, a load was applied on the tf the wall through a 200 mm wide rigid plate to simulate a strip

footing. Earth pressure distributions, wall facimgflections and footing settlements were



measured during the footing loading tests. Kakrasul (2018) found thedimitithsof the retaned

and the reinforced fill affected the internal stability of the wall, the latieféctionof wall facing

and thesettlement of théooting. Figure 2.4shows the crossection of one model wall. This wall
hada height of 10 m, vertical spacing between geogrid layef9.2 m,anoffset distance of the
footing to the back of the wall facirg 0.05 mageogrid lengtlof 0.5 m. Error! Reference source n

ot foundshows the pressugettlement curves of the footing on the model viagjure 2.6 shows

the lateraldeflectionsalong the height of the wall with modular block facing, under the applied

footing pressures.

Kakrasul (2018) reported that reduction of the wall width from 0.5H to 0.3H (H is the wall
height) resulted in excessive wd#flectionand footing settlement, and even sudden failure of the
model wall. On the other hand, the test results revealed thiacting geosynthetic reinforcement
to the stable retained medium resulted in substantial reduction in the degibeationof the wall
facing and the settlement of the footing. In addition, Kakrasul (2018) found that the vertical earth
pressures alondgné depth of the model tests increased with the increase of theimépeimodel
and the applied footing load. Likewise, the lateral earth pressures on the wall facing along the

depthin the model test increased with the applied footing load.

10
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2. Bubkbkcal etmesdel

2.4.1 Werner and Resl (1986)
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2.2Benigni et al. (1996)
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244Yoo0o and Kim (2008)

Yoo and Kim (2008) investigated the performance of-m-bigh full-scale twetier geogrid
reinforced retaining wall with modular block facing subjected to varieusls of surface load
(Figure 2.12. Yoo and Kim (2008) evaluateti¢ performance of the wall under the surcharge
load in terms of the lateral facirdgflectiors and the strains in geogrid. They found that the
surcharge loathduced reinforcement strairxponentially decreadewith depth,which is ina
good agreement in qualitative terms with that assumed in the FHWA design guidelinand
Kim (2008)alsoreportedthe measured laterdkflectiors along the height of the walkis shown

in Figure 2.13. Themaximumdeflectionof 1.7 mmwasreported at the top of the upper tidrilg

the deflectiors were smallethan 0.5 mmin the lower tierunder the surcharge load of 60.5 kPa
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245 Ahmadi and Bezuijen (2018)

Ahmadi and Bezuijerf2018)carried out a footing loading test orfudl-scale MSE wallwith a
plywood face. In this study, Ahmadi and Bezuijen (2018) considered the plywood face as flexible
facing. The fullscale model had height of 4 mawidth of 4 m, vertical spacing beeen geogrid
layers of 0.5 man offset distance of the footing to the back of the wall facing of 0.anmd,a
footing width of 1 m.A poorly-graded sand (SP) without fines, according to Wiméfied Soll
ClassificationSystem (USCS)was used aa backfill material. A polyester geogrid (PERada
maximum tensile strength of 40 kN/m (at the break strain of less than @&6%i). Reference s
ource not foun@.14 shows he configuration of the MSE wallsAhmadi and Bezuijen (2018)
reported the lateral wall deflection undestrip footing load as shown Figure 2.15. The results
shows the maximum lateredeflectiors occurred at 0.2H from the top of the wallhe strais in

the reinforcement eremeasuredo evaluae the behavior of the geogrids during the construction
and under strip footing loading. They found that the maximum strains in the reinforcement

occurred m the upper layers under the strip footing load
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2. Pi.esltaudi es

251.Abdej l eh et al . (2001)

The Founders/Meadows bridge was the first major bridge in the United Sipfested by spread
footings onGRS walls with modular block facing. Addejleh et al. (2001) evaluated the
performance of these GRS walls by measuring the movements of the wall facing, settlement of the
bridge footing, distributions of the vertical and lateral earth pressures dugilegrikstruction and

while in serviceas shown irError! Reference source not fouRBd.G The reinforced soil zone b
ehind and below the bridge abutmdratd a trapezoieshaped reinforcemenyout in which
reinforcementengthincreased linearly from 8.0 m at the bottom védth:1 slope toward the top.

The reinforcement lengshfor the abutment wall wergli 13 m. The centerline of the bridge
abutment walandthe edge of the foundation were placed 3.1 and 1.35 m from the front of wall
face, respectively he reinforcement spacing was 0.4 m. The backfill soil was a mixture of gravel
(35%), sand (54%), and fines (11%). AHejleh et al. (200)Ldid not find any potential for
overturningof the structure (due to the flexibility tfie GRS wall system arttie reduction of

loads behind and against the wall facing). Moreover, they found that the measured bearing
pressures were well below the allowable soil bepmapacity.Figure 2.17 showsthat the
maximum outward movements experienced duttiegplacement of the bridge superstructure were

approximately7i 9 mm.
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2.5. 2. Lindsey (2015)

Lindsey (2015) monitored the performance @eosynthetic Reinforced Sdilintegrated Bridge
System (GRSBS) for the Rustic Road Bridgas shown irFigure 2.18. The GRSIBS wall was

a mechanically stabilized earth (MSE) wadledas the abutment with a bridge deck placed on top.
Lindsey (2015) used inclinometers, settlement plates, crack gages, and surface survéygrpoints
field monitoring.Lindsey (2015) reportethatthe maximum lateral deflection of the wall facing

under the footing pressure of 85 kPa was 7.62 mm.
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253.Sa g h eartf @0y

Saghebfar et a{2017) monitored the performancé aGRSIBS by measuring bridgdeflectiors,
settlements, strains along the reinforcement, verticalaadhlstresses within the abutment, and
pore water pressureBigure 2.19 shows the crossection of the GREBS. Saghebfar et al. (2017)
reported that the maximum lateral movement occurred near the top of the wall. Following the
construction othebridge abutment, the facing wall experienced some appreciable outward (away
from backfill) lateradeflection as shown ifrigure 2.20. Figure 2.20also showshatafter placing

the girders, the lateral movement close to the wall significantly increased.
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262.Hel wani et al. (2003)

Helwani et al. (2003) investigated the potential of GRS bridge abutments to alleviate bridge
approach settlements. The finite element methoorporated inthe computer program DACSAR

was used in this study. i®program wasifst calibrated by comparing its results with the measured
datafrom the Founders/Meadows bridge abutment. Moreover, a parametric study was conducted
to evaluate the effects of different foundation soils, ranging from loose sand to stiff clay, on the

perfaomance of a GRS abutment.

263Wu et al. (2006)

Wu et al. (2006usedthe finite element method to investigate the allowable bearing pressures of
bridge sills over GRS abutments with flexible facidgfinite element parametric study was
conducted to xamine the effect of sill type, sill width, soil stiffness/strength, reinforcement
spacing, and foundation stiffness on the loadying capacity of GRS abutment sills. Wu et al.
(2006) determined the allowable bearing pressures of GRS abutments basedgerformance

criteria: (1)alimiting displacement criterion and (2) a limiting shear strain criterion.

264Fakharian and Attar (2007)

Fakharian and Attar (2007) conductachumericalanalysisof a GRS bridge abutment with
modular block facing subjected to constructinduced loads and seismic loads. The static
performance of the Founders/Meadow bridge abutment during construction-sevicewas

used for numerical modeling verification posesThe fnite-difference FLAC 2D programwas
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used for model verification and parametric studies. They found that the current active earth
pressure theories applied to reinforced soil walls significantly overestimate the horizontal

reinforcement forceascompared witthe measurements artde numerical model predictions.

265.Hel wani et al . (2007)

Helwani et al. (2007) conductexdfinite element analys of two fullscale loading tests of GRS
bridge abutments with modular block facing using the agemprogram Dyna3d. The effects of

the backfill properties, reinforcement stiffness properties, and reinforcement vertical spacing were
investigated on the performance of these bridge abutments subjected to live and dead loads from

a bridge superstructure

26. X.i e and Leshchinsky (2015)

Xie and Leshchinsky (2018pnducted a parametric analysis study on the effects of reinforcement
spacing, reinforcement strength, and footing location on the bearing capacity and factor of safety
of footing placed upothe reinforced soil of MSE walls. Xie and Leshchinsky (2015) found that
increasing the reinforcement strength provided increased stability and bearing capacity in context
of constant surcharge or increasing surcharge, respectively. Moreover, Xie andinsshc
(2015) found increased distance between the footing and the wall facing allows for increased
bearing capacity of factor of safety as it reduces the influence of the wall, transitioning the critical
collapse mechanism to a bearing capacity failureaddition they stated that the namiform

reinforcement spacing produced an efficient design of surcharged MSE walls.
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2. 6FRartk.harian and Kashkool i (2018)

Fakharian and Kashkooli (2018) conducted a finite different analysis on the behavior of a
reinforced soil abutment wall of a singdpan bridge under seismic excitations. The abutment wall
hada height of7 mas shown irFigure 2.23 The foundation soil type was soft to medium stiff
clayey deposit witla high groundwater level. Fakharian and Kashk(018) reported the post
cyclic facinglateral deflectionsnd bridge deck footingettlementsand the seismic behavior of

the wall. Figure 2.24 showsthatat the enaf construction, thenaximumlateralfacingdeflection
occurredat the midheight. Due to the eccentricity tie deck loadunder astatic condition, the

bridge deck footing tha clockwise rotation at the end of constructias shown ifFigure 2.25.
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27.Met hodPs eflo td ti ellpafll e c Wa ldénc iori g

27. D.ewdll | | mgtamod (Jewel |, 1988; Jewel | and Mi

Jewell (1988) and Jewell and Milligan (1989) propodesign chartfor estimating laterdiacing
deflectiors of walls based otheanalysis of stresses and displacements in a reinforced soil mass.
The design charts show the graphical relationships between a normdditecdtion factor,
1 0 Q) , and the normalized dep@y/H, wherelh = lateraldeflectionof the facingK: = stiffness
of the reinforcemen®;, = calculated reinforcement tensile force at the base of the #alfjepth

from the top of the wall, and = height of the wall.

27. Zeoservice method (Giroud, 1989)

Giroud (1989) developed the Geoservicethod based on a limit equilibrium analysis to calculate
lateral deflectiors of reinforced retaining walls or abutments by using the maximum strain
generated in reinforcement layers and assuming a triangular distribution of strain in the
reinforcementsError! Reference source not fouB®6shows the assumed strain distribution for c

alculating walllateralmovements follows

1 — Eq.2.2

where] = lateral deflection and- = strain limit or maximum strain in each layer of

reinforcement {hay), and L = length of reinforcement. Giroud (1989) suggested that when the
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reinforcement strain is unknown, the lateral deflection can be determined by first choosing a strain
limit for the reinforcement that is usually less than 10%. The limit of strain depends on the type of

wall facing, thedeflectiontolerance, and the typé einforcement.

Stramn Distribution ——

— Rankine

v
Surface

Reinforcement ——

45+ @2

Fi g u2 éStran distribution assumption in the Geoservices Method

27. FHWA Met hod (Christopher et al ., 1990)

Christopher et al. (1990) suggested an empirical method for calculating the maximum lateral
deflectionof a reinforced retaining wall during construction. This method correlates the ratio of
the reinforcement length.) to the height of the walH) with deflectioncoefficient of reinforced

soil wall { . Error! Reference source not fouB®7 presents the relationship between L/H and
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7 Y/the empirically derived relative displacement coefficient. The curkzeror Reference source

not found2.27has been approximated by a fouaittler polynomial equation:

1 paApP- TQ v— LW P— o& v— W8 X Eq. 23

wherg = deflectioncoefficient of reinforced retaining wall; = length of reinforcementd =
height of wall. The value df/H should be between @&nd 1.17. The maximum lateral wall

displacement, can beestimatedrom by the following equation:

) I MVEDOO Qe WAHVE T © QA QE O Eq. 24

) A — "QENE Qo Qi QORI GQa'Qe 0 Eq.25

Christopher et al. (199®uggestedhat for a 6.1 m high wall, each extra 19.15 kPa of surcharge
load increases the relatideflectionby goproximately25%; however, the surcharge effect may

be greater for higher walls.
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Fi g u 2 @Embpirical curve for estimating maximum wall movement during construction in

the FHWA method (after Christopher et al., 1990)

274.CT1 Method (Wu, 1994)

Wu (1994) developed a semmpirical relationship for calculating the lategflectiors of
reinforced retaining walls and abutments for the Colorado Transportation Institute (CTI). The CTI
method is a servickad-based design method. The maximum latdrspplacement of a wall can

be calculated by the following equation:
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1 — Eq. 26

wherg = maximumlateraldeflection and- = strain limit or maximum strain in each layer

of reinforcementandH = height of the wall. For a reasonable estimation, the strain limit should
be between 1 to 3% for permanent walls and up to 10% for temporary walls. This method can be
applied to wallof less than 6.1 m high with flexible facinguch as walls with wraggtaround

facing. For walls with modular block facinghowever,the maximum lateradeflection is

approximatelyl5% smaller than the calculatddflection

2. TRHFBWA Met bodGeosynt hetic Reinforced -Soil I

| BS)

Adams et al(2011)considers a zero volume change in the geosynthanéorced abutment walls
to predict the laterdiacing deflectiors of the walls. FHWA provides the following equation to
estimate the maximum laterdéflectionby assuming the volume Issit the top othe abutment

due tothe settlement equal to the volume gain at the face due to ld&gtattion

o — Eq. 27

wherebq is the width of the load along the top of the wBll,is the vertical settlememibove the

wall, and H is thevall height.
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Chapter 3: Geogrid Propertie:

3. 1. l ntroducti on

Thi s cdhmaptuedetsries(sl)di stri besponmnsesandf pglklbgui d
di fferent nor man(d2l)oadivreg tmgtatiodsn of combi ned

geogrid

I n design of reinforced soil structures (i

in an ancihoramei mponret ant parameter for stabil |

guantified by conducting | aboratory or field
reinforcement is embedded in the sappl imad sbyt
pressurized airbag or a hydraulic jack throug
applied to the reinforcement. The first part

to evaluate t he aetfifoenctmeotfh otdh eu slionagd aanp paliircoag w

pl ates on the vertical str essdelfilsstcraifbourg X toern |in
(geogrid) reinforcement (steel strip) i n the
moni tored the distributions of the vertical e
the pull out box, and at the | evel of reinforc

To determine tension i n the geosogmthkei c,
geosynthetic. I n many studies, foil el ectrica

43



side of the geosynthetics to measure their st
i f only pure tension dHowelveps Iim Sheamega@PPymik
geosymteh entfioar c-edp gorl tuendh ( GRCS) embanlkmehos cad
retaining (GRR) walls, the geosynthetic is sul
Bending and gpdrctliomnalmay dcuwri ng construction,
address this issue, two strain gauges attache
the same | ocation have beedhsugee®hddapmtnetr o$ e
repbphescombined effects of tension, bending,
and | ower sides of wuniaxi al geogrid speci mens
strain gauges and subjeic¢tidon oatt emseé osamdend
simulated by wrapping the speci memMoareowred ,t Hrh
ef fect cohfitmed pressure induced by apwdased n

investigated by wusing pull out box.

32Stress Distri bRés powssiarmgd [RPiuflfleoruetnt Nor mal Lo

32. 1. Test Device and Material s

Pul Iboxt

I n this study, a newly diRJeH Bwexd puslelddoutThbex b

designed and fabricated in the Geotechnical L
l1ThRJH represents the initials of last names of the people wh
and J. Han.
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with ASTM1D6 2e€® mmendati ons. The box was made
measuring 1.5 m long, , OwBi mhwerdeeedsndt e 6 mimn
recommended b¥Y1l1ASTMeDOUO S o-mm-bhi b xtm-khaBg&&sDoD46n
front wall. To minimize the -mwchiengl ekefveciwadul
the inner wiadé offitghe fabowte the sl ot. I n addi!t

of the box frontFifgl3dseeh ¢Wal meker pulDO0A@) . box aft

Fi gud&®&JB. box
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Materi al s

The | apotdbotytests were carried out on- exten:
drawn wuniaxi al geogrid) embedded uitmoMmaseass R
conducted using t3tamMd&admMd DBt (-Re0rbB/ di4sn hobfy sSPoairlt
A standard direct shear test was used to deter
relative density. That testStwaansdaadadcdreditndgett d 0/
Shear Test of Soils QGodeéirT Commiohi thamedn dr ma R E
densities for both backfil!]l materials were ol
ASTM D425&8t@n0a6d, Test Met hods for Mini mum | nc¢
and Calculatiosj oapnd®ReAST My OEDBBAd ar2d0 1 e st Me t
Maxi mum I ndex Density and Unit, Wed sgpiEaldifer eSloy .|
summari zes the physical properties, the Unifi

antdhe anigdtei oof dfr t heséedckhithemptkeroat tests.

A uni axi al geogr i d -dmoadw nf ibeida xfirao m PaP pguenocghr & d
reinforcement, was used in this experimental
adopted in our -anord-sltaesaceet prapdritesi were deter
( Xi ao, Han, and Zhang 2016) . Considering the
reinforced walls or sl ocpreoss,s nmahcrhei en et rdai nrsevcetri soen 1
geogrid were removed in every four ribs to ci

Zhang (2016) first adopted this modification,

al . (2016)i,n eaznhda dR aeht maanl . (2018) wused it in th
(i .e., the machine direction ribs) and the tr
pull out resistance. I n other wohmhesfritdtei omalalr
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on the geogrid surface and the bearing resist
Chouinard 2013). Al agiyawanna et al . (2001) f

reduced the reinfgmricdngnefhecBahliepmb.eZ2 hewt t h

properties of the biaxial geogrid. I n this st
600 mm | ong was used in the evaluation of wver
geogrie@nspédat mwas 370 mm wide and 765 mm | ong
behavi or. These geogrid samples before the re

strength of 12.4 KN/ m in the mmacchhiinuet idbinreect i o

TabllePr3o.perties of backfill mat er i a
Property Kansas Ri
Coefficient yof 3.18
Coefficientc of 0.93
USCS cl assif SP
Mean par tsigc Imen 0.56
Mini mum dry ufi 16.0
Maxi mum dry uri 18. 8
Angl e of fri 37
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Tabl2ePr3o.perties of the biaxial geogrid (pl

|l ndex proper MD XMD

Aperture di meiq 25 33

Mi ni mum ri b th 0. 76 0. 76

Tensile strengt 4 .1 6. 6
Tensile strengt 8.5 13. 4
Ultimate tensil 12. 4 19

Not e: MD= machi ne ednarcehcitnieo nd;i rXxMD i=o nc.r 0 S

l nstrumentati on

The instrumentation included a | oad cell, di
gauge, and a dat a -sahcagpueids iltoiaodn cseylslt enmm.t hAna Sc ap a
measure the pullout force. eHi ve desapluaeembet d
at the junctions of the geogrid. These transd

were extended from junctions &tuytp e oe drhteh rperags s

25 mm in diasmeadkredere evaluate the normal str
The capacities of these earth pressure cell s
was used to control the pressure applied to t
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32. 2. Test Procedur e

The procedure for preparing a pullout test i n«
and compaction, placement of the reinforcemeni
acquisition system, andi tlont hauoesafnl hgno aok
mat eri al was placed into the box in two | ayer
relative density of 70 % was achieved. The e
r edusccead e mo dceulsss ewlasi ndiRsahmani nezhad, Yasrobi,
geogrid was embedded in the middle of the back
and attached to the pullout | oad assenkblaynnd Be
the clamp was relatively rigid, the pull out f
was pHetcvealen the sl eeves, which prevented the

including the displacemsntetcahsducehne, |olhe e
gauge, were installed at their desired | ocatic
pl aced on the top of the compacted backfill )
pul testing and maintained a constant nor mal s

el evations of a wal | in the field, t hree nor me

t hat were 0.58 m |l ong, 0l a2a6eth whdeppanll O0h65cao

one next to another, before the placement of
compl eted, all sensors were activated to all o
the nor matlr ishuwteisen dii hr oughout the soil mass be

using acdouwnlgl ddyBr gu2sehcdBwsactkhe schematic view

of the pullout box, i n which oned.did not have
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Front of
the Box

Pullout
force

Load/

(b)

Figue&cBematic view of the cross sections of

soil; (b)) the air bag on the stiff

32. 3. Test Resul ts

Di stri hot mdhess§

I'n this study, 21 earth pressure cells were us
at the top and the bottom of the soil mass an
Fiug®3i |l lustrates the arrangement of the earth
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SS. The variations of the measured vertical

X wi dtAh) (aanxdi st hAe b@®X lae g tsdghso.(wak iian d&i5, respe

asured vertical pressures presented in thes
the applied nor mal pressures. I n these two
rtical prleeshoxswiadtriwmssi .e., the transversal

at when the airbag was used without stiff p!
the box. On the other hand, whew tthhes tniofrfmaj
e maxi mum measured vertical prEsguéd@®> 3wer e
kewi se, on the | ongitudi nBal, swehcetni otnh eo fa itrhbea
ithout any stiff plwadrtsicdlhepmeaswred wearxe mhu

e stiff plFatgad @aash.ds hbownHioigne4daenm @&@.i mpl y that t

application of the nor mal |l oad by the airbag

resul tea umi faommrpressure distribution than 1t}
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Sugi moAbagi yawanna, and Kadoguchi (2001) a

conditions of the frontal face of the pull ou
behavior of t he reinforcement. Researchers
mo viadd/ f |l exi bl e frontal face, or both, with a
front wall of theFphimyouKodoxen(e.agnd Nahsome 1

1999; Sugi moto, Al agiyawanna,P aa nne iKraad o(g2u0cOh9i) 2f(

the use of a sleeve yielded the maximum pull o
the case of using a lubricated frontal face.
pull out test rreermstudlt wealaln; thhewdwer f t he sl eeve

di stribution of the vertical Ppr guas(ear)8T me arre s uhl

indicates that the measured vertilcawerprtelsanmnrte

applied normal stress. This finding is consi s
|l oad transfer from the soil to the rigid sl ee
Figusehdws the | ayout of the earthFiguessur

37@pnd s(hbo)ws t he variations of the measured Vve
the &X)i san@ | engti)(i respetche vaxiys Dnder di ff e
by the airbag without anwyedtnddf mpl aprerasassdhes m
the box happened in the center of the transve
maxi mum vertical presdgumgaskya8r ©&nat be Lt optbé ¢

however, utmhe ema x icrm | pressures h&ppgeh(el 3near t
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Figubdah®&. | ayout of the earth pressure cell

Fi gu8shows the | ayout of the earth pressur e
geogrid that was 300 mm wide and 600 mm | ong.
the distribution of vertical e@®rjessautriecns whfi | tel
foll owing AITMoD&@ZeGGr mine the displacements c
det ai | of the telltale measur Emgun2@sows bbked
variations of st hael ovnégr stichcea iFopr essdere di f f er ent
by the airbag without any stiff plates. The cc¢
of the transverse section of Filge9®ads8pl apnsthbke
variations of the measuEeslevtroncahnhder edisfufr @erse
applied by the airbag without any stiff plate

l ength of the geograyda.wilcnk rsaoomae erte saelar c2h0 1(4e;. gWa,

2016), one or two earth pressure cells were p
the airbag or stiff plates. Based on this stu
ceeartl i ne may not reflect the actual distributdi
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Pul lreositst aenicnef oorfc e ment

Pull out tests were carried out i n this study
applying the nor mal stress on the pullout res

I n the geo-gmwidd ¢ eammdl,o/n@g Og eeor ger iudsse dw

FigurOpr&seénts the pullout test results of
applying the nor mal stress. These figures sho

airbag without and wishwetefi5pBadatand Lhelpukl

the front displacement of 20 mm. Al so, at the
and with stiff plates, the pull out forces wer
di spl a(cczcOmemm) . Therefore, the pullout resistat

any stiff plates was higher than that wunder t|

10, 7, and 3.5 kPa, the pul Itohuet ariershiasgt awacse uvsael
pl ates were 30, 20, and 3 %, respectively, | ow
at the | ow normal stress, there was a minor d

t wo diff ereetnhtodlsooadi ng m
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Di spl acedmenignagpdi d

To investigate the effect of these two diffe
def | edt itdie geogrid, two tests were conducted
of one transveFrisgautreFb3gakB8 8B wewnt he measured di
these junctions under different pullout force
the airbag wit hohkhitguwinZd 33voive s hiatfthlkeatespl acer
at the junctions were nearly wuniform because
uni form distribution of the vertikiadulpfiaé3.sur e

ankKi gu9(a. 3.

Figul® s3hows that when the stiff plates wer
the junctions of the geogrid occurred in the
di spl acements at the junctidhssocesuflrédcaaal e
based on the distribution of the vertical pr e
Figu4®), 3. .e., the | owest vertical pressure at
t he edgesFgoufr e2shBeo Ibso xt.hat t he measured displ ace
of the geogrid were different. However, most

of
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3. Comlkifie¢t s on Measured Strains of Geogrid

33. Adopteacbte b,eessuamhd scussi on

Tegptpar at us

FigBréaBows the setup of the tensile test of a
(ASTM, 2015) for measuring tensile strength o
friction on a geogrid were simulateyl bydmwiraplp
Three cylindrical pi pes were used and had non
and 160 mm. One end of the geogrid was connec
bodkin connector. Anoddreme etnald otfo tdh el gaed ga e Ildl
using placing weights in a bucket hanging und

to measure the actual | oad.
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Cylinder

Load Cell |

« J V4
Load Cell p m I

Load

(a)

Fi gud&Te3ds.t Setrthpmatsectciromsand (b) picture
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Geogrid

One type of wuniaxial (UX) HDPE geogrid
than biaxi al ( BX) HDPE geogri ds, t he
sides of the UX geogrids might

for this part of the study. The

manufacturefa@al3d= 3Tho wenv aind

one ri b was

uds ende af sourr € noeandti sn.g

possi bl e

t thee HJiXg lgeero gtr h an

an

Tabl3ePr3o.perties of Geogrids
Geogrid Propert
Tensile Strength @ 5% Str i 27.0
Ulti mate Tensile Strength 58.0
Junction Strength (kN/ m) 54.0
Fl exural @8tm)ffness ( mg 500, 0(
Mi ni mum Reduction Fact oirp 1.05
Reduction Factor for GRee 2.60
Mi ni mum Reduction Fm@ctor 1.00
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Measur ement s

The applied | oad washamead wraaeld cedilngwidrm & ca
el ongations of the rib of the geogrid at two
transducers (DTs) with a gdiodbmlba eceeemearatincluil rait te do
the elongations in the ribs of the geogrid |
i nstrumentsetdr aniist:hg F®iuer S G2, SG3, Fagdi®G&heas
strai nwvegraeu gaetst ached on both sides of HRihgurgeogr
31%. The strain gauges had a gaugédhkemgttsuotd

strains sftrraam n$ hgemasupgreess ent t he | ocal strains.

Figudid( aBlocatspobmaiobngahgemi ddl e of the geogric

t he geosgtrriad na ngdaoungee scyl i nder
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Gl obkalai n

FigB8it®shows the relationships of the applied I
The rib with DT2 and DT3 was wunder -Itienresifoor anf
rib with DT2 and DT3 represenWsthhditkeasehte
di ameter s, the tensile st i1f3f nkeNs/sr i dbf) .t HHeo wreiv e r
strains calculated from DT1 and DT2 were affe

friction. The r easmuel tasp pslhioend tlhoaatd ,att hteheglsob al

tension only was higher than the one induced |
3 shows that at the same global strain,y the |
was | ess than that induced by tension, bendi nc¢
direction to the tension and additional | oad

same strain on the degfBy%&tah eatti ct.h eF ogrl oebxaa mpslter al

and 1.5%, the differences between the | oads c
rib under tension, bendi ng, and friction wer ¢
Since bendtngndaoes any tensile resistance, th
bet ween the geogrid and the cylinder. The ave

di ameters of 65, 100, and 160 mm Wer e repmpreacx ii

from the beginning to the end of the tests.
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Gl obalai aveanmgealr ai n

Theal i bfraacttioorn, CF, i s the ratio of the measur ec
to the | ocal strain by the strain gauge. The
60 —— Eq31

FigulLéghdws the relationship of the gl obal st
geogrids. The average |l ocal strainstepi@asgaugyg:e
attached on the upper and | ower sides of the

equati on:

00 Qi GV OQe— Eq32

whelg=r the measur ed bk b cgadumdet maihetdie omppéare si d
geogUswe;t he measur ed dtorcail nagdtaamgheesdf mamtthiee | ow
geogrid. The cal c(upgat add(@B)2dIrmane dSGdn the cy
di amet er samd 1660 mMmmMOwere 2.15, 1.77, and 2.65,
However, the cal tbhatamd | USEstugirmgn tSIGE cyl i nder ¢
of 65, 100, and 160 mm were 1.44.,f N. 5B, amnmd el .c

the friction increased the CF by 39 %.
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Averlagsglr aatni o

Since the friction is in the opposite directi
top of the cylinder were | ower than those on |
and are the indicd&tigaud 8 wish & hfer ida tf if @m eefcfeesc th
|l ocal strains induced by tension (SG3 and SG4)
(SG1 and SG2) versus their gl obal strains. Th
hamdo effect on the differences between the ave

di fferent di ameters had the same friction eff

2.5

g
E Cylinder Diameter (mm)
A
= 65
S
G """" lOO

.............. 160

0 0.25 0.5 0.75 1 1.25 1.5
Differential Average Local Strain (%)

Figudl&G .bal strain vewerusgd hleoddlf fetrreanitn ;
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The | ocal strain ratio is the ratio of the av

|l ocal strain induced by tension, bending, and
0 & oW Fad Qs Eq33
Figut&h®ws the average | ocal strain ratio ver
kN), the effect of fricateiacre wds tsiegriefnisadret .I o
small er and stabl e. The result shows that t
wrapped around the cylinders with diameters o

respecth verl ygveriage of 1. 28, after the appli e
al so shows that regardless of the cylinder di
approxi mately 28% higher than t hien sa vienrdaugcee ds thbry

combination of tension, bending, and friction
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Average Local Strain Ratio
[y
o

0 0.05 0.1 0.15 0.2 0.25 0.3
Applied Load (kN)

Figud&8TBe average | ocal strain ratio verl

332Tengddteiiln

A set of pull out test sCFwerfe tder reimbde dadmeidl tge ogwuw

Teagptertur e

The | ocal and gl obal strains on thesTehmReddded
Box was used to e dumxdc ipfuil d atuiton exsft Selce i RhH B

3. 2Fi gwWBr.esBows the setup of the tensile test of
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'

v = — 7.

Figudiésea&t.up of the tensile test inside

Material s

The UX HDP&sgeogsssdwdi om 3. 3.1 was wused in the
embedded i n Kalmashd s URBnmeerri zseasndt.he physi cal pr o
Classification System (USQplfect msshdaclcfaitl lonmatt

t hel pwtl test s.
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l nstrumentati on

The i nstrumeDfTatsatordaaiivgelduidsepdl acement transduce
measure the displacements at the junctions of
the geogrid by steel rods that were eXhended
resul ts fr ousecdcet dDTcsa lweu lwas ter @il o bgd u g gt dverse  iT

upper and | ogweeorg rsiidd essp eddfhidedéhres of . t he aperture

Teprtocedur e

The procedure for preparing a pSsktoonh Beldt 2w:
bacMfaiylelr wast choenpraelt &tdi veA dremait gt oks3s0wes ap
pressurized airbag placed directly on the t
reinforcement at di ftfheer gritel dal,e vavoi cmrmy mafl & tweel
the whole pullout test setup was completed, al
system to start recording. After the nor mal S

st abhe,pul l out | oad wact iarp@ | hyydr aiwsliing jaadko.ubl

Resul tisscaunsdsi ons

Fi g@Br &0 e stemea srel ationship of the gl obal strai

geogrid. The average | oE&EagB2 stTrhaei ncsalwairt daeeal dCL

strain(ﬂg@mﬁﬂe&er armtee | dptlaalceed on t htehaep@ bd greidd nwvmn dn

77



streeds 35 and 70 kPa were 0.84 and Qor@®arirresg p
t he average CFEdipudlbltoauitn etde sftr,omwi t hst haei mvegaag «
subjected tim,tasndi s Ceamtnitars hdiwBtalie nor mal stre:

significant effect on the calculated CF.

0.5
CF=0.84
0.4 el
\r:\
= CF=0.86
£ 03 Rz=0.99
m
a
3
© 0.2
)
Normal Stress
0.1 (kPa)
_ 35
—————— 70
0
0 0.1 0.2 0.3 0.4 0.5 0.6

Average Local Strain (%)

Figu2@l3.batltain versus odvdrhaegeagelogaadld stmbeidd
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34.Summary

The firsdf otbhiwmmsstvwedy val uate t he aalfifrebcatgs onf td
di stributions of t he rveesritsitcammadestt itessdespl aden
reinforcement i n the pull sulkardgessites . pulol awthi e
conducted, in which the geolghre df osMalso dpi lbnagcsb @ wi

summari zed shtatsded on t hi s

(1) When the normal stresses were applied by the airbag wiimystiff plates, the measured
maximum vertical pressures in the transverse direction on top of the soil mass occurred in
the middle of the pullout box. However, in the case of the airbag withpfdies, the
maximum vertical pressures in the transverse direction were measured near the edges of the
box.

(2) When the normal stress was applied by the airbag withoystiff plates, the displacements
at the transverse bar of the geogrid were approeimaniform. When the stiff plates were
used, however, the low vertical pressures in the central zone of the box led to the maximum

displacement of the geogrid at that location.

Theecohpgectisvtewwhyy thbisvaluate tbheooombienddn
and friction on the relationship between | ocal
| ocal strains from the upper and | ower sides
f orMoer,.eover, thenfepfmfesicur efi ndueced by applied nor
CFwas investigatedTihg fucl ngwipnud | oanclbwoxi.ons c a

experiment al study:
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(1) The effect of friction on the strains in the geogrid could not eliminated byagwerthe
strains measured by the strain gauges on upper and lower sides of the geogrid.

(2) The calibration factors (CFs) calculated from the strain gauges subjected to tension,
bending, and friction were approximately 39% higher than those calculatethistrain
gauges subjected to tension oimythe test in air

(3) In the tests using pullout box for evaluation the CF, the normal stress had a significant

effect on the calculated CF comparing with that from the test in air.
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Chapd&xperi mentmal GBRuWyl | s

4 . lntroducti on

The main objective of this study was to evaluwu
wall s witah owmapgdgedci ng with that with modul ar
model s were consittrlhca erdi gind aba®stamdxswbj ect ed
paper evaluates the settdeefnesnctoifoofn hteh eb af cokoftiilnlg
di spl acements of the facing, the verdtitceanlsidnred

forces along the reinforcement, and the failu

4 Mode&ést s

4, 2. 1 ap pTeersat us

Ei gnhotd e | tests were carried out to investigat
wr appradund bhad mbdok facing subjected to stat
failure under a plane strain condition. This
type (also stiffness) on the perfweamancaen du c tGe
in a test box with an inside di mension of 2.4
Error! Referendel3bearteametofouhd. box was made
he two sides of the box were made of 20 mm th

observation awndofphtoh®gfraimmenr e modesdeftlhectiiomn |
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of the GRR walls during construction and | oadi
of the sides of the box, l ubri cant wasst eamppl i
consi stedtobka hydgaul i c jack, -ophkirah ewWa s egan t

check val ver,ea@indi an hprgdhssure gauge to apply t1l

Figud¥®i éw of the geotechnical test

4. 2. 2 fo®ttirn @
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Twor i gi d s sweirmea d ® ot i-nmnp tah i2c5k st eel pl ate. The s
by two steel profiles to msmalkiooe i Bg2 Wheerdi ng
an. m51 Hdogvever, tihreg DwahHear deodblddmgensure a p

strain condition, the Il ength of the footing w

4. 2 . 3. Backfill

Thepoogt g§ded dry Karhsmas wRisw dulsesda ndhe wtassieed chap
this study as the basgkiwialsl O. Bibe mmea T h@ryainm f ©ir .
and the coeffigi ot tinfe samdatwere @BC18 and 0.9
and minimum dry unit wed gh®6 Sk Nrfanstphede ¢si sered gwe r a
compaction on the recafermedetsanwatodi sedssed
al. (2009). A standard direct shear test (ASTI

the sand compdatéedeaden@wty. The measur®ed peal

4. 2. 4. rBeodmoirdement

As di scussed i nondiedesreicrtg otnh 8 .Bcdl. € ,efcfect in

prepared by madiafwyni mhg apyaéehed( Py ogeogrid. Th

type of geogriad ef momdredeéddwaeéd s was di scussed in
ribs of the biaxial geogrid were removed in e
achievef aafonimaxi al geogrid. Xiao et al. (201
Rahmani nezhad et al . ( @0 1lues)e da nidt Kfdokre atphndoi vre tsete

83



properties of this biaxial geogrstdreggtineofnal
KN/ m in the machine direnatcihomeardd r Eakhmeilih e
direction of the biaxial was the same as the
al . (2016) showed thbhatrsherrbmovebluoédthbetuh

the geogrid in the | ongitudinal direction by

Thr eewittthetasi | e testing machine were conducted
single rib of the geo®mi3d / iDEa&@cavao!r dRaenfceer emi d en ¢
oumd2hows the tensile propemachsnef dEheotgilemm.
Reference s odu,he mdtobfadumsd.rain refers a strai
(e.g., by pairs of extensometers) that are cal
points such as the t é&maddleseh otwess ttihneg pnraocpheirntei ecsl
obtained fromAshdi matnhsabpaiaetrsi @ r of t he pull out
with ASTHI1ID&EO® carried out wusing the RJH box
the modi filkat gwagrecdbedded in the sand. From

interaction (0) was determined as 0.75.
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Figuld&edsile propertiemaohi mge odirrn a@ctiinon h

4. 2 . 5. Facing

Two types of wall facing wereurdaflaaitreg amd trhc
facing. | martolhuen dwrfapxpedd GRR wall , the wuniaxi al

machine direction perpendi pakar and Hbéettkzac¢ilng
that the geosynthetic sheet should be secured
The wall wi4ahouhd WwWeappgdwas constructed by f
through 180A etcurhreerftacfei lolv,ieranchoring it back
to another geogrid sheet -satr easn ghhihg gearr deelne wnat isd

bet ween the wrapped geogrid and the baokfil]l

85



fro

t he

Tk

and

ma t

m fl owing out. I n the block facing model s,
crete blocks, which were prepared by cutti
h block was 150 mm |l ong,a5bm®asnsn d&fi gabhodt0O Onn
crete blocks were placed one above another.
cing and connected mechanically to the f ac
ree facing Rkatutcari ochuri ng the cons
6 . Il nstrumentati on
ssure cells were used to measure vertical
|l s were 200 or 500 kPa. A pressure gauge W,
foottaggeSsrapeg colored sand were used fo
ting settlements, and photos were taken to
h the accuracy of 0.1 mm was used to measu

strains of the getdgpiedstwar e maagesed hlay f

| ower sides of the geogrid. This type of

ge |

eSS

me a

ai ns.

mor e

width of 0.17 inchea,p drmd 3o ulFdrmde daeu mge
ength | ead to measure |l ocalized strain.
concentrat(iMm ient tahe ,s ple9clibal. AT & emene faorde
dumsed ali msafrom the strain gauges glued
The gl obal strain can refer to an ave

aperture | engths) tlgauges (Batfhper sthean
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Theal i bfraactCilbprn,esent s the rati o between the mea:

and global strain.

|l M sol ation | aboratory testad i vowreattweoenn rli @ca lo
gl obailnstaf t he geogberirdosr 'u sReedf eirne ntéhe{3ss)lmsutwuedeyt . n o
he | ocation of a strain ghegee®wlp thieveesghi dean
Figureshotws¢ b3etup of the tensile test of a g
di scussed i nErsreccrt!i oRhed3e r3ecd. gdas)lbmuavs t he | ocal s
strain gauges versus tonthéAarglat@fels atpmpaionxi onfat
CF= 1HOofvetdr, caCEfd@amedi n(phpamde): dared byat em
pl aced on the geogrid under applied nor mal st
0.97, respectivel yThewav@®RcaleaV athealietfeptotrm® . ®i8r. v

approxi mately equal with that from the tests
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Figurpereseéents the pullout test results of the
stress of 10 kPa applied by the airbag withou

and 11.11 kN/m, respectively, at the front di

Al so, at the nor mal stress of 7 kPa applied b
forces were 9.32 and 7.47 kN/m, respectively,
the pull out resistance ldutt haeny eotgirfifd plnateas t\
under the airbag with stiff plates. Under t he
resi stance values of the geogrid when the air
respectirvdlhyagn Itchwese measured without stiff pl
there was a minor difference between the pull

met hods.
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Figub®ufl out regiidt aareades usf gdedr!| str ai

4. 2. 7conTfeisgtur ati ons

The GRR model walls were constructed to inves:
performance of the GRR walls subjected to foot
sandeabovigid base and s Rkjgactded gt d¢d het dtyipe ftf
model s walls were categorized into two series
series W represevirtagpdpretiibed wakalsinsyiser iaes B r ept
walls with a médguaen @s6.0Ww fheiogoss sections
which had the height, H, of 1 mS, tdfe, We2d mtchad
of fset difsaaotnicreg otfo tthhree back of Howevera)] | i hatche
waltlhse geogbLjdahdngbhkl eagwbnedvaableslhddwks t he

details of the model wal | s.
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Sv=0.2m —1
H=1m
Sv=0.2m .
Sv=0.2m —
»|«—i— L=0.7m(=0.7H) ——[ |
A »
0.1 i
Wall B-2 o
10.05m| | 2N
(c)
b=0.375m
3 L—D=O.2m+o|£5.T
‘*! ! 0.im B=0.75m | —}
G5— .
Sv=0.2m —
G4
Sv=0.2m —
G3 H=1m
Sv=0.2m _—
G2 .
Sv=0.2m —
-1=0.25 m—a—' : L=0.7m(=0.7H)— = |
G1 T i
0.1m —
Wall B-3 il !
(d)

Figur®cHematafc madced wall s with moWyul @b) bWelclk

B-1, ( c)2,Wadn dwa3d | B
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Tabl eDedt.ali.l s of t he model wal | s
) | Ret ai
Hei g| VertiGeogr Foot
Type . Of fseg Zoneg
No| Wa | _ H Spaci| Lengt Wi dt H
Faci (m) |[Lengt
(m) | Sv (| L(m ( m)
(m)
wr ap-f
1 | W1 1 0. 2 0.7 0. 2 0.5 0. 2
arou
wr ap-f
2 | W-2 1 0. 2 0.7 0. 2 0 0. 2
arou
wr ap-f
3 | W-3 1 0. 2 0.5 0. 2 0.5 0. 2
arou
wr ap-f
4 | W-4 1 0. 2 0.5 0. 2 1.5 0. 2
arou
mo d u
5 | B-W 1 0. 2 0.7 0. 2 0.5 0. 2
bl oc
mo d u
6 B-1 1 0. 2 0.7 0. 2 0.5 0. 2
bl oc
mo d u
7 B-2 1 0. 2 0.7 0. 2 0 0. 2
bl oc
mo d u
8 B-3 1 0. 2 0.7 0. 2 0.285 0. 7H
bl oc
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WallsW-1 , -2\W-3\W a-ewkreddhstructed with six layers of the uniaxial geddput without

the hard facingln thesewalls, the sixth geogrid layer was extended back from the facing wrap of
the fifth layer into the reinforced zone. During the construction, wooden plates were placed to
temporarily support the wall facing at zero facing batter. Each facing wrap was tashteethe
geogrid layer above using zip ties insteadnettal bar clamp like bodkin connection. Except for

of the top layer, the facing wrapped geogrids were not extended back into the reinforced zone.

Wall B-W was constructed with six layers of the wigh geogrid in an identical manner to Wall
W-1 but with modular blocks for the facing. This wall was designed to evaluate the effect of facing
rigidity as compared with WalNV-1. Hence, the layout of geogrids may not resemble those in
typical walls with lock facing (i.e., the bottom layer may not be placed at such a location in the

field). Mechanical connections were used to connect the geogrid to the blocks.

WallsB-1 , -2 B a3wereddnstructed with five layers of the uniaxial geogrid. This wall was

designed to represent a typical GRR wall with modular block facing in the practice.

97



43 MeasuDaech Damsad ussi on

4. 3. 1. Settl ement

The settlement of the center of t heitfhgeotliansge ra
tageror! Referen4&.¢&shostwhee pmsets $sfleeerecht curves o
n the GRRt wawdmspprd Unaleirng he same appli-ed foo
1, wheh ained zone, had a-2l, owdéthreptdit hErdrea h ¢ @
eference sodu(8le Walkl WoWuhdl onger geogrid reinfoc
settl ement-3t hamt WalslhoWt er geogrid reinforcem

footingEpressuRef er en4 .€¢&3losuor gah ddosti i t buestdort ge

einforcement | ayers and | arger -3ewiai bedbapobte
reinforeemenandl| awmal |l er retained zone.
Error! Ref er en4 .¢&s3hoouwsc et hnaott etthtell epdneersts ucrver ves o f

n the GRR walls witWhemoduwlearaplplloeld fpaeissg.re w
Wal W Bad | arger setl,l eumednetrs tthhea ns awad EassprpBlri'le R f
eference soduf@8) nbowbtovand. afW eam-id2 B& hlkaRa,d Wadlmi s
Wal {1, Bwith the retdi neidt kewntaitnteadz Wakl BI so Db
as sh&a&wnorh Referendg®dfouvocé Ref efeunwdd¥source

al so WahBl3vswi t h a | arger footing had a | ess set

Error! Referengd.as%hoowsr ¢ é arto dt thifelo gmebrsts ucruerWes of
all-8, WW ahdt 8gwhtehnert he applied pressure was |

walls behaved similarl WwWlwi Howewrepprd fftaeaci 1g 5h &
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settl ement swamBaln W&lolrs i Bstance, under the appg
sedmdnt s of t heW-1I oWanBhgweorne Waddrsoxi mately 138,

respectivel y.
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Applied Pressure (kPa)
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Fi guB®r ¢ ssatrtel ement cur ves :ofihafdloed twwiighss son GI
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wr apgraund f(abc)i nngo daenld wal I s wi th modul ar
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Footing Settlement{mm)

Applied Pressure (kPa)
0 25 50 75 100 125 150 175 200 225 250 275 300 325

25
50
75

100

125
——Walla

150 —s—Wallb
175 ——Wall c

200

Fi guB®r & ssaitrtel ement curves of footings
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Error! ReferentdepBeosuemtes ntohe foatntdl. ement-§ at di
, -BM ahdumder the applied footing pressure of
Error! Referendeadesorscsbowstthaund-hewseet mamén
arger thWnammihl BEumBt her-lmostar Wad | t 9V t iolwte vteawar d
i n WaWlasn-itB Bt he maxi mum settl ementdnwdile | | ocal

| arge compression occurred in déak|l datcixk@gmp ¢ he dit

bet ween the wall facing Bmael ¢ dmprcendieans nef off
wraps at the facing were 21, 23, and 28 mm, r
the | ower two wraps. S-WanBlweree fraeli antgi wenli yt sr iog

compression wag amsernaveedrdwthe construction an
( AASHTO, 2012; Berg et &li .g,utr. ZLAOOOWN)I c fmoes h @ vosfo
compressions happening within the distributed
Wal |-WaBBlare approximately symmetric to the ¢
exi stence of the relati,veda hrei gied tfl eanemg.s udmd etr
W-lare not symmetric to the centerline of the

(i .e., larger settlements toward the facing).
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Wall elevation {m}

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Distance from the end of the wall (m)

(a)

Wall elevation {m}

0.0 0.2 0. 0.6 0.8 1.0 1.2 1.4

Distance from the end of the wall (m)

(b)

FigudéSedt.t | ements at different elevations und

(a) WMl I( b)-WWa & hdBR-1()c oWatlilnued)
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11

0.9

0.8

0.7

0.6

0.5 B i ety S S St (e,

Wall elevation {m)

0.4 4

0.3 L EEEE P S

0.2 !

0.1 -

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Distance from the end of the wall (m)

(c)
Figdrtesettl ements at different elevations und

(a) Wah | I(b)WWahhdBEL) Wal l

4, 3. 2. defalce mmtgi o n

After the construction, the tempotary walp o mwi
wr appedund, ftahcea ngr apped face of each | ayer wa
movement caused backfill settlement of appr ox
Moreover, an outward Pwad ionbasteerovna d frofa ppr ok i mha ¢
suppotrhe Wwall s wiatfht elrl otchke fcaocnisntgr uct i on, t he
outward inclinati®on of approximately 1.5
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I n addition to the photogrammetry metWwald] tar
facing to measure its | ateeriagluredspiwkdcement at
di spl acements of the walrlgetwi tair owrgaddgughesde it @ iy dn fe t
applied footing pressur est,t|wimemduwst. CcIdires indeearsiun
photogrammetry was taken from sides of the wa
centerline of the walls. Even though they mea:s
they showed afi miharwalt t Hdoes mga xd enfulme d tait emr aa.l d
for Wdl RN-IW asdoWcurred at O0.3H, 0.22H, O0.42t¢F
wal | s, rés gecfeiiMebld (esul ts i nadviidéeat el otnlgetr igre
reinforcenvand tl sladAgde W maxi mum | ateral displ ace
upper third of the wall height. However, i n t
(Wal 3s awd) Wt he maxi mum | aterathdnsphacemddt &
wal |l hei ghEr raosr !'s hRbpewfne rienn4 el 5 (0 @ yFdagnuir @i ddfodvis dt

hat the maxi mum | at erlg|-l2W3VE pa-ddvedPbedd 4 oFdBdVal | s

mm, respectively, under28kifa.applied footing p

Figurehdwk2 the | ater al di spl acements of the
modul ar bl ock facing, undibe mhei mpml|l | attefabt d
for Byl 1B -2B 8@8dccur r édd 1abBt, 10B,a3n &2 30f.r om t he t op
wal | s, rdhpecthiovel yeinforcemewaffilagttetllowbtihen
of t he wall under the footing | oading. Wi t h
reinforcement tdcreadmed ntgh @ mwagpu doéfa ¢4 HORveewre ri, n i n
W-1, because of the fl exi bildietfy deciftgtomé a.F¥Fheé?2 ng,

maxi mum | ater al d+iWs plB a ca@ndevelBr eo 2 2Wa I316s Bpd 33
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under the applied fDiondengt hpa efs@atwies @ If @ iz g\Wa | kItP lak
wal | s, the capacity of the | oading sylshteem wa
maxi mum | ateral dWslgwhac8ménti mest har Qaddhd han |
2.2 times |l argerBltumalrert hdate a@afpplt hedWdlolot i ng pl
Hejl eh et al. (2001) reported the maxi mum di s
|l nducedneyntplodc bridge superstructure (esti mat
within the wupper third of the wal/l height. B ¢
pressure of 80 k-Pansthectmaxn miuanc iprag peerde phdcem

facing wall was three times | arger than that
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pressures: (a) Wall-BV, (b) Wall B-1, (c) Wall B-2, and (d) Wall B3 (continued)
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Figure 4.12. Deflections of the model walls with modular block facing under the applied
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4. 3. 3. ecde phe cxalr e

Figurep3 esents the vef(giliicnadu cear tbhy pfaoeostsignrge $leo
di stance to the wall facing at W-haendgB lanldeiag h
t he wall hei ghtB-lLofThle 7v enr tfiocral Waplri8osusrs@ nees gl
equation:dndditshei buti on method proposed by F
( AASHTO, 2012) , and Holtz and EBEowmaasuf(&é@8lker

pressures for conpasolswini. oM hleaBeod semitslye t heor

used to compute the vertical and | ater al pres
(Point, l i ne, or 1906jp)shlooadadi rog (Bdwldest,hat t
calcul ated earth pressures presented in this

footing |l oading and do nwdai gmntclafdet heh eweplrle.s s u

The measur e drwerstuirceasl geeanretrhal 'y i ncreased with
pressure -WanB-MWalHoswek er , the pressuWgmadckdll s i
behaved somewhat &vilhhdw8ntthhey.prles &three Waaddld s pl
of 0.62 and 0.47 m from the wal/l facing meas.!
maxi mum vertical anal; t-WB pdB+iedsesruer ense aisnu rVad | fsr om t
cell s that pl aced at 0.17 m, n@, 17 empeatmidv e0l.\
approxi mately were | ocated under the outer e
measured vertical earth pressures had higher
maxi mum measured veWwal t-B|-WR aaddedt Priees saprlsi e d
of 230 kPa were 1.46, 1.41, and 1.72 times hi

magni tudes by 2:1 met hod.
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Figdrahows the measuredmpieenscalt eardmplpired su
by foadtitrmp | ocations (i .e.WalBEBCWBanad,dEWMBICi20h a't
were | ocated at the distances of 0.02 and 0. 2
pressures calculated using tha tah: I hdki sneraishuu teid
pressure f drn gdadphaorwiss otnh.at t he measured vertic

t he appl i ed bportehs slua cvdatlibesn sWBfecarrhd At t he same &

pressure, the pressure cells close to the cen
those close to the toe. This pres&Gurse reisst
d stribution and the soil arching effect behin

2:1 distribution method proposed by FHWA and
were | ess than the measuredgoneas adllodédrrtee twhe
in thwlwaldW®8 the calcul ated pressures were hi.i

the facing.
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(c)

FigdréVertical earth pressure (dai)s tWhilld ¢ tW o wah't

B-W, and (lc) Wall B
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