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Abstracts

Geosynthetic reinforced retaining (GRR) walihichtypically consist of reinforced soil
mass, facing units, and retained fill, are extensively used for highways, bridge abuaments
service roads throughout the world. In recent dec#elR® walls hae been increasingly built
with limited fill space, which has posed challengmsdesigning such walls with satisfactory
performance, especially under surface loading, such as bridge found&iimethe GRR walbk
with limited fill spaceareretainingwalls under special conditionsnly limited information
related tasuchwalls is available in the literatusnd therefore theperformance hanot been
well understoodThe objectiveof this studywasto evaluate the performance of limited fill space
GRRwalls subjected to static footing loading.

To fulfill the aboveresearch objective, a comprehensive experimstidlyand
numerical analysisiere conductedlhe experimentatudyincludel a series of laboratory
model tests to investigate the performaot&RR walls constructed with limited fill space
subjected tatrip footing loading. The devised experimental program consistetirmbdel tests
with different retained medium distarscgeosynthetigeinforced fill widths, footing offset
distancesand einforcement layost The model testa/ereconstructedndtested in a model box
under a plane strain condition in the geotechnical testing laboratory at the University of Kansas.
The dimensions of the model baere2.4m long, 0.5m wide, andL.1 m high Themodel walls
werel.0 m high and 0.45 m widin each model test, a load was applied on the top of the wall
through a 200 mm wide rigid plate to simulate a strip foofiagth pressure cells, reflection

targets on the sides of the wahdfixed bentimarks on facing units, and on the loading plate



were installedo measure earth pressure distributions, wall deformatmsyallfacing
displacemerst, and footing settlements, respectively.

To interpretthereducedscale modeling results based onghbeling ratio between the
model and the prototypascale effect analysisasperformed to find theorrectscale ratio
between the model and the prototype wale wall models were designed based on the findings
of the scale effect analysis.

Theexperinentaltest results shogdthat limiting the size of the retained medium and the
reinforced fill affected the internal stability of the wall, ta&eralwall facing displacemenand
the footing settlement. Reduction of the wall width from 0.5H to 0.3l tHe wall height)
resulted in excessive wall deformation and footing settlement, and even sudden failure of the
model wall. On the other hand, the test results red¢hht connecting geosynthetic
reinforcement to the stable retained medium resultedlistantial reduction in tHateral
displacementf thewall facing and the settlement of the footing. The test results also
demonstratéthat bending geosynthetic reinforcement upward along the back of the reinforced
soil enhanced internal stability anesulted in considerable reduction in the latdigblacement
of the wall facing and increase in the bearing capacity of the footing.

The experimental test results also showed that the vertical earth pressures along the depth
of the model testincreasedvith the increase of th@epth of the model and the applied footing
load. Likewise, the lateral earth pressures on the wall facing along the depth of the model tests
increased with the applied footing load. In addition, the vertical earth pressures ate i
earth pressures measured from the model tests with the reinforced fill width of 0.3H were lower
than those calculated by the exiting theoret.i

active earth pressur e.Holweorey ,andhelarsudn s odq



werein better agreememti t h t he experi ment al results as
theory.

Thenumerical analysisvasperformedby usingthe continuum mechaniesased program
FLAC 2D Version 80to verify the experimental resulti the numerical analysis, backfsbil
wasmodeled as a linearly elastic perfectly plastic material with the Mohr Coulomb (MC) failure
criterion. The wall facingthe stable retained medium, and the foundation were eddsa
linearly elastic materialA strip elementvas utilized to simulate the reinforcement and modeled
asa linearly elastic perfectly plastinaterial The lateral displacement of thall facing,the
footing settlementhie vertical earth presssdateral earth pressures, ahé maximunstrains
in the reinforcemenverecomputedoy the numericahnalysis under the applied footing loads
and compared to the results from the experimental {Hs¢sresultobtainedfrom the numerical
analysis generallggreed with tbsemeasuredrom the experimentdests.

In addition, anumericalparametric study was conducted to assess the factiusncing
the performancef GRR walls with limited fill space subjected to static footing loadirge
influence faobrs consisted of theeinforced fill width (reinforcement lengththe reinforcement
rear connection, the footing size, the footing offset distaheestiffness ofeinforcement, the
friction angle ofthe backfill soil and the wall heighfThe parametci study showdthat the
maximumlateral displacement of thveall facing,and the footing settlemeintcreasedvith the
reduction in the reinforced fill widthhe friction angle of the backfill sgiand the footing offset
distance. In contrasthe maximun lateral displacement of the wall facing, and the footing
settlementecreasewvith an increase in the reinforcement stiffneks, footing offset distance,
and the decrease in the footing size. The parametric study also showed that the connection of the

reinforcemat to the stable medium at reagndingupward the reinforcement around the back



of the reinforced filland overlapped the reinforcement from the back of the reinforced fill
resulted in considerable reduction in the maximum lateral displaceritr wall facing and

the footing settlemenT.he maximum strain in the reinforcement increased thigleduction in

the reinforced fill width, the friction angle of the backfill soil, and the footing offset distance.

However, the maximum strain in theinforcement decreased witheincrease in the
reinforcement stiffnesshe decreasm the footing size and the footing offset distance.
Additionally, thevertical earth pressusecomputed on the wadlong the walfacingof the wall
modelswere lowerthan those computeadongthe centerline of the footingnder all the applied
footing loads. Also,lteverticalearth pressusecomputed on the wadlong the walfacing of
wall models wergenerallylower than those calculated the 2:1 distribution mdtod. However,
theverticalearth pressusecomputealongthe centerline of the footing alomgeregenerally
higher than those calculated tye 2:1 distribution method. Similarly, tHateralearth pressuse

computed on the wall facing of wall models wkyeer than those calculated the exiting

methods (ieRanki nebs active earth prwththezle t heory
distribution methofHowever, the | ater al earth pressures

showed better agreement wihe lateral earth pressures computed by the numerical analysis as

compared to those calculated using Ranki
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Chapter 1 Introduction
1.1 Introduction

Over the past decades, tremendous amount of geosyniefierced retaining (GRR)
structureshave been used for highwagsdresidential areas throughout the world. The extensive
use of GRR structuresfiar the construction of new highway infrastructyilée bridge abutments
and embankmentgYasrobi et al. 2009b, Rahmaninezhad 2009, and Hd®)2GRR walls
typically consist of reinforced fill, facing elements, and retained soil. Facing elecantsave
different materials and various shapes and sizes. Reinforced fill consists of reinforced elements
(such as f yand soiy ant tetaetd sod & the existing or placed material next to the
reinforced fill. Figure 11 shows a typical crossection of a GRR wall. This type of wall acts as a
composite system that can provide the same performance as a cantilever oitgpawviegaining

wall for lower cost and less construction time.
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Figure 1.1 Typical crosssection of a GRR wall



Understanding and predicting the behavior of GRR walls during construction and loading
stages has been the subjetmany researchers all over the world (Kakrasul et al. 2016; Chen et
al. 2015; Allen and Bathurst 2014a; Allen an Bathurst 2014b; Bloser et al 2012; Adam et al 2011;
Han and Leshchinsky 2010; Han and Leshchinsky 2006; and Leshchinsky et al. 2004).
Furthermore, the current design and construction guidelines provide decent details for GRR walls.
The important parameter for design of GRR walls is the reinforced fill width (also the
reinforcement length, L). For the design of reinforced retaining walls, AKS2014) and Berg
et al. (2009) require the minimum length of the reinforcement should not be less than seventy
percent of the wall height {in= 0.7H).

Roadways and other engineering structures are sometimes constructed in rugged,
mountainous terrainpr adjacent to bedrocks. Also widening of roads can happen adjacent to
existing stabilized faces, bedrock formations, or stabilized retaining structures (e.g. soil nail walls)
at a close distance. As a result, there is a confined space for backfilabf this type of retaining
wall is often referred to as a narrow or limited fill space wall (Greco 2013; Yang et al. 2011; Fan

and Fang 2010; Kniss et al. 2007; Leshchinsky et al. 2004; Take and Valsangkar 2001).

1.2 Problem Statement

Since the confinedill space limits full mobilization of lateral earth pressures behind the
wall, the lateral earth pressure distributions in limited space retaining walls are different from those
with sufficient fill space and may not be predicted accurately using theiriRaakd Coulomb
methodg(Greco 2013; Yang et al. 2011; Yang et al. 2011; Han and Leshchinsky 2010; Fan and
Fang 2010; Lee et al. 2010; Kniss et al. 2007;idon et al. 2006; Leshchinsky et al. 2004; Take

and Valsangkar 2001n other words, the mechasi of limited space retaining walls are different



from traditional retaining walls; therefore, the earth pressures in limited space retaining walls are
different from theoretical earth pressures.

Researchers/Noodruff 20Q Han and Leshchinsky 201Lee etal. 201Q andYang et al.
2011) pointed out that the critical failure plane within a limited space GRR wall is not as linear as
the Rankine failure plane. Woodruff (2003) observed that the critical failure plane was bilinear for
low (L/H) ratio walls. Hanand Leshchinsky (2010), Lee et al. (2010), and Yang et al. 2011
showed from their analytical studies that for short reinforcement length the critical failure plane
was bilinear, and partially passed through the reinforced fill and partially occurneg thie
interface between the reinforced fill and the stable retained medium. Yang et al. (2011) also
pointed out that the Rankine theory overestimated the inclination angle of the critical failure plane.

In addition, due to limited fill space, reinforcenhenay not have sufficient anchorage
length in the fill. Morrison et al. (2006) reported that soil arching existed close to the base of the
limited fill space MSE wall at the shored interface. It indicates that design calculations may
overestimate pullouesistance for narrowed MSE walls if the arching effect was neglected. Since
the maximum tensile strength of the reinforcement may rely on the anchorage of the reinforcement
at the rearLeshchinsky et al. (2004and Lawson and Yee (200%)rovided some préical
suggestions to develop the tensile strength of the reinforcement for limited fill space walls. Their
suggestions were: (1) to anchor the rear end of the reinforcement by connecting the reinforcement
to anchors or nails fixed into a rigid zone beyamd (2) to wrap the reinforcement around the
back of the reinforced fill (i.e., hook the reinforcement to a required length). These suggestions
have been investigated in this study.

Another important behavior of GRR walls is lateral wadlpthcementChewet al. (1998)

observed a 50 percent increase in the wafpldcemenbecause ofhortening the reinforcement



length from 0.7H to 0.5H. However, Ling and Leshchinsky (2003) indicated that based on the
maximum displacement and tensile load mobilized inrdieforcement layers, a wall with a
reinforcement length equal to 0.5H provided the satisfactory performance as the wall with a
reinforcement length equal to 0.7H. Since wall facirspldcementf GRR walls is an important
factor in the design of the wsJ the evaluation of the wallsplacementor limited fill space GRR

walls is part of the current study.



1.3 Research Objectives

The objectives of this study are to investigate the behavior of GRR walls with limited fill
space and examine the effects atkfill and reinforced fill widthreinforcement configurations
and footing offset distanaen the performance of GRR walls under a static footing loading

condition.

1.4 Research Tasks

In this study, the following tasks has been completed:
I.  reviewed the puished research on the geosynthetmforced retaining walls with full
and limited fill space;
Il.  performed analyses to investigate the scale effect of the reduced test models;

lll.  designed and conducted laboratory model tests on geosysniatarced retaimg walls
to investigate the behavior of GRR walls with full and limited fill space under static
footing loading;

IV.  performed numerical analyses using the finite difference mdihedd software to
simulate the GRR model tests, and

V. Performed parametric study analyze the performance of GRR waligh limited fill

space subjected to static footing loading



1.5 Dissertation organization

This dissertation consists efghtchapters. Following this chapter, a literatteeiew of
previous studies olimited fill space wallss described in Chapter TwGhapter Three presents
scale effect analyses. The material properties (soil, geogrid, and modular block facing), layout of
model tests, test apparatus, and test instrumentation and measurements are describest in Chap
Four.Chapter Five describése experimental test results and discussion. Chapter Six presents
the numerical simulation of the laboratory model testparametric study to investigate the
influence factors on thgerformance of the GRR wallith limited fill space is presented in

Chapter SeverChapter Eight presentsigclusions andecommendations.



Chapter 2 Literature Review

2.1 Introduction

Geosynthetigeinforced retaining (GRR) walls, which are one type of retaining walls,
consist of reinforced fill, facigp elements, and retained saild have been widely used for
highways, bridge abutments and service roads throughout the world. This chapter presents a
review of previous studies on basic concepts, design methods, and behavior of geosynthetic

reinforced redining walls with an emphasis on the walls with limited fill space.

2.2 Mechanics and design methods of reinforced retaining walls

Variousmethodge.g., coherent gravity method, simplified method, tieback wedge
method, Kstiffness method, etc.havebeenproposed for design of reinforcedil retaining
walls (Allen et al.(200)); Eliaset al. (2001)Bathurst et al(2008; Andersonet al (2010); and
Allen et al.(2014a and 2014jp) Three major associations, the American Association of State
Highway and Tansportation Officials (AASHTO) (2014), the Federal Highway Administration
(FHWA) (2009), and the National Concrete Masonry Association (NCMA) (2009), considered
some of these methods in their guidelines. In this section, the concept of reinforced guoél an

design methods of reinforced retaining walls available in the literature are briefly explained.

2.2.1 Basic mechanics of reinforced soill
McKittrick (1978) explained the concept of reinforced soil in a simple mechanics as
shown in Figure 2.1. Figure 2.1(&)ows a granular soil sample subjected to an axial load, which

induces lateral expansion of the sample. McKittrick (1978) stated that due to the dilation of the



sample, its lateral strain is larger than-twaéf of the vertical strain. When horizontal rlents

are included in the soil (Figure 2.1(b)), the friction between the soil and the reinforcement
elements prevents lateral soil deformation. In this case, the restraining force provided by the
reinforcement is equal to the thrust force due to thresaktarth pressure. This scenario is true
only when the reinforcement is inextensible (i.e. the deformation of the reinforcement at failure

is much smaller than the deformation of the soil).
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Figure 2.1 Basic mechanics of reinforced soil (after McKittrick, 1978

However, when extensible reinforcement (i.e. the deformation of the reinforcement at
failure is comparable to or even larger than the deformation of the solil), for exarhetethe
geosyntheticisi s ed, t he sampl e | ink(EBidune 2(b))atowavdr,¢ghe def or ma
deformation of the sample with geosynthetic reinforcement is much smaller than that of the
unreinforced sample because the reinforcement elements provide equivalent latamalgconf
stresses so that the lateral deformation of the sample is reduced and its internal stability for the

system is maintained.



2.2.2 Stress transfer mechanism

Stability of reinforced soil depends on the mechanism of load transfer between the soil
and the raforcement, which is affected by the interface properties between the soil and the
reinforcement, including frictional and passive resistance as shown in Figure 2.2. For sheet type
reinforcement, such as geosynthetic, friction is the dominant mechariisle fov the
reinforcement having a large number of transverse elements, such as grids and wire meshes, the

dominant mechanism is passive resistance.
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Figure 2.2 Soil-Reinforcement Stress Transfer Mechanism(a) Friction and (b) Passive
Resistance (FHWA 2002)




2.2.3 Designcriteria

Design of reinforced retaining walls including GRR walls requires checking both external
and internal stability. For external stability analysis, reinforced fill is treated asidhgk and
the analytical methods for gravity walls can be used. Figure 2.3 shows the three possible external
failure modes that occur in the reinforced retaining walls. Begped failure, also referred to as
global failure, may occur in the foundati@liding may happen if the horizontal force behind
the rigid block exceeds the factored shear resistance at the interface between the soil and the
foundation. Overturning may occur if the driving moment due to the horizontal forces behind
the rigid blockexceeds the sum of the resisting moments in the wall system.

For internal stability, pullout capacity, reinforcement strength, and facing connection
strength should be checked. Figure 2.4 shows the possible internal failure mechanisms that occur
in the rénforced retaining walls. Reinforcement pullout occurs when the tensile force in the
reinforcement becomes larger than the pullout resistance of the reinforcement. However,
reinforcement rupture occurs when the tensile force in the reinforcement exceatsrtate
strength of the reinforcement. The factors affecting the behavior of the reinforced fill are strain
compatibility, reinforcement properties and distribution, fill properties, interaction, foundation,

and construction.
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Figure 2.4 Possible internal failure modes

2.2.4 Designmethods
The following section provides a brief description of the common design nsetised in

practice for conventional reinforced retaining walls.
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Coherent gravity method

This methodconsiderghe reinforced fill as a gravity structure having a rectangular-cross
section with a height, H and a reinforcement length, L (Figure 2.5).dlerent gravity method
is recommended where the shtatm axialtensile strairof reinforcement is less than or equal to
one percent (i.e., inextensible reinforcement) (Anderson et al 2010). The Meyerhof bearing
pressure distribution concept is used tineste the vertical earth pressure at each reinforcement
level (Anderson et al. 2012). In this method, the coefficient of lateral earth pressure varies from
k =koto k= kain the 6 m of the wall heighE{gure 2.9. This figure shows the reinforcéid
masss divided intotwo zone, thective and resistive zone by a bilinear plane glagtsthrough

the toe of the wall.

0.3H

_ | Ks Ko
—
e ACTIVE RESISTIVE EELECT FILL
ZONE | ZONE (7.0
/ NEREREREN
W2 Em *"7" -
£ | | |
¥ 1 _ )
= ‘“F{TIH[T EARTH PRESSURE
~a 4 OF RETAINED FILL
) L2 |2
L0 - L~ 0.7H

Figure 2.5 Characteristics of the coherent gravity method (Anderson et al2012

Tiebackwedgemethod
The tieback wedge method was developed as an extension of the trial wedge method

(Anderson et al. 2012) and has been used for the extensible type reinforcement retaining walls
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such as GRR walls. The tieback wedge method is recommenidedlfs where the sheterm

axial reinforcement tensile strain exceeds one percent (i.e., geosynthetic). Allen et al. (2001)
adapted this method later for reinforced retaining walls with welded wire reinforcement. This
method assumes that the activeest#tthe lateral earth pressuremisbilized,and the Rankine or
Coulomb failure plane is developed. Figure 2.6 illustrates the concept of the tieback wedge
method. When the wall batter is less than 10 degrees, a failure plane that is inclined at an angle
of (45+¢/2) to the horizontal and passes through the toe of the wall defines the active and
resistive zone boundary. This method also assumes that the inclusion of the reinforcement does
not change the Rankine failure plane, and hence the reinforcenaemiadiows the failure

wedge to develop. In this method the reinforcement acts as a tieback and restrains the active

wedge from failing.

Y

i
¥
4
i

/Ressting zone

I a. I l|r|l||r!||I|||'

Figure 2.6 Tieback wedge method concept (after Anderson et &012)
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Simplified method

The simplified method is a modified version of the tieback wedge method, and it was
developed to be a single design procedure for reinforced retaining walls with both extensible and
inextensible types of reinforcement (Anderson et0dl2). This method uses the coherent gravity
met hodés failure plane for retaining walls re
Rankine or Coulomb failure plane for retaining walls reinforced with extensible reinforcement.

This method was adaptédthe FHWA guideline (Elias et al., 2001).

2.3 J ans ghearyd s

In 1895 Janssen developed an equatiastiatethe lateral pressure obrn on the side
walls of asilo (Spirl 2006) Janssemleveloped his equation based on the results of the model
tests hatwasperformed to determine the pressumposedoy corn in a siloThe testresults
showed that theneasuregbressure on the bottom of the silo was lower than the weight of corn
within the silo. Janssen (198&83sumedhe lateral pressure was transeritto the sidewalls and
derivedan equation to predict the Ithedryeanhd pressur
applied to any granular materglich asand in geotechnical engineering.

In construction ofeinforcedretaining wallssoil is placed m layerswhich settles due to its
selfweight and the load applied by additional soil layers abBieultaneouslythe wall
provides a vertical shear force due to the friction that resists the settlement of soil. The vertical
shear force reducesdlsoiloverburden pressurand hence reduces the lateral earth pressure.
This phenomenon is known as the arching effect. Equation 2.1, referred taJaa thes s e n 6 s

equation, waslerivedb a s e d o nsildtlzeons s en 6 s
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y —p Q -0wElE.. (2.1)

where
9 = unit wedsoight of backfil!/
B=wall width;

Z= depth from top of wall;

H= wall height;

d= friction angpilaadwaleahdbetwesn bacifibilarfdstdble retaied
medium

K = lateral earth pressure coefficient.

For the case with amondeformableva | | K was defined by Jakyéb
Isin(G"), where G is the angle of internal f
ontheagl e of internal friction. B estinsatdtise daterdla n s s e n ¢

earth pressures with the boundary condition similar to that for the walls with limited fill space,
this theoretical solution is useful when compared with the redulioratory tests and

numericalsimulations

2.4 Limited fill spaceretaining walls

AASHTO (2014) and FHWA (2009) recommend 0.7H (H is the wall height) but NCMA
(2016) recommends (0.6H) as a minimum reinforcement lengthfdr the design of reinforced
retaining walls. When roadways and other civil engineering structures are constructed in rugged,
mountainous terrain, or adjacent to bedrock, or roads are widened adjacent to existing stabilized
walls, it sometimes may be impractical to construct a wah thié required fill space width. In

these cases, reinforced retaining walls have narrower fill space than the requirement in the design
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guidelines. This type of walls is referred to as narrow walls or walls with limited fill space in the
literature. In otler words, a limited fill space geosynthatinforced retaining wall is defined as
a GRR wall placed adjacent to bedrock, or an existing stable wall or slope that has an aspect ratio
(L/H) less than that established in the current design guidelineseRAgushows three cases
where walls with limited fill space are required. Figure 2.7(a) shows a case where roadways are
repaired and extended because of natural and environmental constraints in the mountain terrain.
Figure 2.7(b) illustrates badk-back GRR walls where the walls are constructed against each
other and the space is limited by the distance between the wattedtdncreasettaffic
demand, widening of existing highways is sometimes needed but limited by the right of way. A
possible solutiors to build GRR walls adjacent to existing stabilized walls (Figure 2.7 (c)).

It is predictablethat the mechanism of the limited fill space walls differs from that with
satisfactoryfill space. The differences may exist in tfistributionof the laterhearth pressure,
the failure stface, and the external failuréhe following section briefly summarizes the
previous studies conducted by researchers in terms efdalké field, laboratory, analytical, and
numerical studies. Most of these studies Haeased on the mechanics of limitsgace
unyielding walls and provided insight into the effect of wall aspect ratio on the mechanics of the

limited fill space walls.

16



(a) Roadway repair

Y ]

LAY YAEEREFRITITY

45°+ ¢f2
Back to Back Wall

(b) Back-to-back walls (Han andLeshchinsky2010
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(c) Roadway widening (after Morrison et al, 2006)

Figure 2.7 Walls with limited fill space

2.4.1 Full-scalefield test
Full-scale field test is an ideal method to understand the behavior of reinfetagung
walls; however, it iIs often too costly. Accor
Morrison et al. (2006) was identified on the fatlale field test on the walls with limited fill
space in the literature and is briefly describebbty.
Morrison et al. (2006¢onducted a fulkcale field test on a shored MSE wall system at the
FHWA Turner Fairbanks Highway Research Center (TFHRC) in McLean, Virginia. Shored wall
is a retaining wall used to provide vertical or Reartical support ban excavation. The test wall
system consisted of an MSE wall with short reinforcement (0128139H) (H is the height of the
wall). The field test included two walls, one connected to the shored wall and the other one

unconnected. Figure 2.8 shows tlemigection detail for the connected wall system. The facing
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batter of the MSE wall was 1H: 24V. Figure 2.9 presents the plan view of tkecéldl Shored
MSE wall while Figure 2.10 shows the wall cross section of the connected portion of the test wall.

Loads were applied onto the test wall using two loaded footings with a dimension of 2.5 m by 1.0

m.
— Shoring Beam

<~ Reinforced | |
Fl" ':' ) I
s f { [ S
/ | | = Retained
. - - / - / "\ el / {' i” _‘v_
P | { = 0 - . o -
Tensar UX1500 [ | ’ 8
3 ,I '!F‘ —
Geogrid | [ / Minimum
f | | Embedment
N \

5 Angled Section
Bolted To Pit Wall

Figure 2.8 Connection detail for the connected wall system (Morrison et a200§
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Figure 2.9 Plan view of the fullscale field test (Morrison et al2006
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Figure 2.10 Full-scale field test wall cross section with the connected system (Morrison et
al. 2006).

Morrison et al. (2006) observed that the field wall was stable under an applied pressure up
to the maximum pressure of 356 kPa. The measured lateral earth pressure increased slightly with
the increase of the footing load for both portions of the test wali@sn in Figure 2.1IMorrison
et al. (2006) indicated that the measured lateral earth pressures were lower than the Rankine active
earth pressures for both connected and unconnected walls, except for the uppermost pressure cells
in the connected portiorf the test wall. They also found that the measured vertical pressures well
agreed with the estimated vertical pressure at zero load, but the Rankine method using 2:1

distribution concept underestimated the vertical earth pressure under a higher load.

20



Connected Wall System

Unconnected Wall System

55 55
°1 5 Legend:
u + o —»—0kPa
454 YA 5 45 7
A . —%—35kPa
4 4 4 —®—T71kPa
Rankine
I active earth o—107 kPa
35 - 35 pressure at --a- 143 kPa
‘é“ max. surcharge
= b ——214kPa
-g'i 39 ‘l 34 .'I;
'S ; | . ——— 250 kPa
o Ranki 1} Rankine
L ankine / active earth
- active earth N —®— 285 kPa
& 251 pressure at 25 pressure at
= max. surcharge zero surcharge == =320 kPa
2 ) —+— 356 kPa
Rankine Active Earth Pressure
active earth
1.5 1 {'. pressures at 154 Failed
I'. zero surcharge pressure cell
14 II' 14
\
iR\
IR
0.5 1 05
0 T T T T 0 T T T T

0 10 20 30 40 50 O 10 20 3 40 50
Measured Lateral Earth Pressure (kPa)

Figure 2.11 Earth pressure distributions for the full-scale field walls (Morrison et al.2009

2.4.2 Laboratory reducedscaletest

Laboratory reducedcale model tes&so have been conductedinvestigateahe limited
fill spaceproblem because model tests require less space and time and lower cost for
construction and testirendcan be run until failure. Several laboratory tests have been identified

in the literature and are presented below.
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Frydman and Keisar (1987)

Frydman and Keissar (198@¢rfumedseveral centrifuge model tests to examine the
earth pressure on nateformable retaining walls nestable mediununder both the atst and
active conditions. Thegonstructedhe models in an aluminum b¢210 mm high x 2100 mm
wide x 327 mm longandconnected an aluminum plate (195 mm high x 200 mm wide x 20 mm
thick) to the base of the box to simulate the retaining wall. A wooden block was used to simulate
thestable mediumFrydman and Keissar (198@9aedthe wooden blockvith the backfillsoil
so that the friction between the backfilaterialand thestable mediumvas essentially equal to
the angle of internal friction of the backfibil. The fill had density betweet6.4 kN/n? at 70%
relativedengsiy, t he angl e of i n% andtheaahglebfintedateifriction ( G ' )
( 0) b the backfdlmaterialand thestable mediumvas2(® - 25°based on thdirect shear
tests.

They tested the models with various aspect ratios (L/H) rgrfgam 0.1 to 1.1 of the soil
behind the wall. Figure 2.12 shows the results of the model tests. Frydman and Keissar (1987)
compared their results with Janssends equatio
pressures at the bottom of a siliggl¥e 13 shows a good agreement between the centrifuge test
results and Janssendbs equation. I n addition,
lateral earth pressures on the retaining walls under #festtonditions usingdc 1-s i n (4G "' ) .

Since Janssenbds equation requires identica

face and the material and between the material and the wall face, Frydman and Keissar (1987)
suggested using the average interface friction anghey concluded that the lateral earth
pressure coefficient decreased with depth from the theoretioadtatalue near the top of the

wall andattributed this phenomenon to a soil arching effect.
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Figure 2.12 Lateral earth pressure coefficient versus Z/B (Frydman and Keissat987)

Take and Valsangkar (2001)

Take and Valsangkar (2001) performed a series of centrifuge tests to study the earth
pressure on unyielding retaining walls with narrow backfillto ewdlue Janssends equa
Figures 2.13 and 2.14 show the model box and the wall configuration tested by Take and
Valsangkar (2000Si nce Janssends equation depends on t
friction angle, and the coefficient of earth pressthiess study considered these factors in the
model tests and analyses. The wall aspect ratios ranging from 0.10 to 0.70 were investigated, and
all the tests were conducted at an acceleration of 35.7g to simulate a 5 m high prototype wall.
Theirtestresut agreed with Frydmandés finding that th
the theoretical atest value with an increase of the depth below the surface (Figure 2.15). In
addition, Figure 2.16 shows that the measured lateral earth pressures attimgmyielding
model retaining walls are in good agreement with the Janssen aticbaorg Spirl 2006).
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Take and Valsangkar (2001) indicated that the wall aspect ratio had a significant effect on
the reduction of the earth pressure with narrow backiilhddition, using an identical interface
friction angle between the backfill soil and the stable wall and between the backfill soil and the
wall, Janssené6és equation resulted in fair agr
Figures 2.15and 2.16 Al t hough Janssends equation descri.l
earth pressure by a simple equation, the choices for the parameter K and the mobilized boundary
friction angle during the transition from therast condition to active conditionqeire

considerable engineering judgement (Take and Valsangkar 2001).

Earth Pressure Cells

Model rock face

Model wall

Figure 2.13 Model box for centrifuge tests (Take and ValsangkaR001)
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Figure 2.14 Geometry of the model tested by Take and Valsangka2Q00J)
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Figure 2.15 Comparison of lateral earth pressure coefficient verse (Z/B)
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Figure 2.16 Lateral earth pressure coefficient versus Z/B
Woodruff (2003)

Woodruff (2003) performed centrifuge tests on 24 reinforced soil walls adjacent to a
stable face. Figure 2.17 shows the test model setup. The wall models had L/H varying from 0.17
to 0.9, and all the rededscale walls were 230 mm tall with a wall facing batter of 11 (vertical)
to 1 (horizontal). The reinforcement was folded backward at the rear to form a weapped
facing and overlapped by a secondary layer of 50 mm long in the centrifuge modsiodéle
walls were placed in front of an aluminum box that simulates the stable face (rock face). All
models were subjected to centrifugal acceleration until failure occurred. The type and location of

failure surfaces were observed during the test.
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Figure 2.17 Test model setup (Woodruff,2003

Woodruff (2003) reported that the wall failed externally at L/H < 0.25 and internally at
L/H >0.25. He observed that for L/H >0.6 the critical failure planes ‘ezar, and the failure
surfaces passed through the entire reinforced fill zone. However, the critical failure surfaces were
bilinear for L/H <0.25. In addition, the inclination angle of the failure plane was less than that

predicted by the Rankine failure pk(Figure 2.18).
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Figure 2.18 Cross-section of centrifuge model geometry showing a bilinear failure surface
(After Woodruff 2003)
Morrison et al. (2006)

Morrison et al(2006) also conducted 24 centrifug@del tests, a numerical study, and a
full-scale field test. They investigated the wall aspect ratio (L/H), the reinforcement strength, the
shoring interface, the reinforcement configuration at the shoring interface, and the shoring
inclination. Morrisonet al. (2006) indicated that the reduction of the reinforcement length to as
little as 0.25H provided sufficient wall stability, even under a considerably high surdbadge
They did not observe the benefit of the rough shoring interface as compareithevgmooth
interface. In addition, they found that the smooth interface was more effective than the rough
interface. Morrison et al. (2006) also observed that wrapping of the reinforcement around the back

of the reinforced fill was effective and resuliadhe reduction of the lateral earth pressure. They
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observed that the reduction of the vertical spacing of the reinforceseiricreased the stability
of the wall.
Morrison et al. (2006) compared the Rankine active failure plane witheting lineof

the tear failure locations on the reinforcement during centrifuge testing (Figure 2.19).
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Figure 2.19 Comparison of the Rankine active failure plan with the actual failure line in the
test (Morrison et al. 2006)
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They found that the lower portion of the centrifuge test wall showed a failure plane, which
was approximately parallel to the Rankine active failure plane; however, a much steeper failure

plane than the Rankine active failure plane happentgtiopper portion of the wall.

2.4.3 Limit equilibrium studies

Limit equilibrium methods have been commonly used all over the world to design many
geotechnical engineering structures including geosynttetitorced retaining walls. The
purpose of a limit eglibrium analysis is to calculate the maximum force allowed for
equilibrium as compared with the shear strength of the soil. Several researchers have conducted
limit equilibrium analyses for GRR walls with limited fill space and their findings are brief

desribed below.

Leshchinsky et al. (2004)

Leshchinsky et al2004) conducted a limit equilibrium study on segmental GRR walls to
modify the existing analysis procedures by considering limited fill spaleir limit equilibrium
results were compared withdse from the continuum mechanlzssed method. Figure 2.20
illustrates the geometry of the model used by Leshchinsky et al. (2004) in their aff&lgsis.
analysis models used tBeil unit weight of 20 kN/mand the internal friction angle betweer? 20

to 45. To eliminate the effect of global stability, they assumed the foundation as bedrock.
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Figure 2.20 Geometry of the model used by Leshchinsky et aQ04

A single layer of reinforcement was simadtin the analysis. The reinforcement was
placed at onghird of the height of the wall and considered as equivalent to multiple
reinforcement layers at different heights.

To maintain the horizontal equilibrium, it was assumed that the equivalent reménrtce
tensile resistance (T) calculated at a limit equilibrium state would be equal to the resultant force
(P) caused by the weight of the soil. Based on this assumption and using the lateral earth pressure
formula for conventional walls (Equation 2.2), hehkinsky et al. (2004) developed a design
chart (Figure 2.3)o estimate the coefficient of lateral earth pressure for different wall aspect

ratio:

P= 0.5K®OH?  -----eeeeemeeeeeee- (2.2)

where

P is the resultant force of the lateral earth pressure in the limited space wall;
Kb is the coefficient of | ateral earth pressu

Jis the unit weight of soil, and
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H is the heighof the wall.

Based on the equilibrium T= P:

LI N = — (2.3)

Leshchinsky et a[2004) stated thahe desigrchart can be used for design of limited
space GRR walls by selecting the geometrical parameters of the limited spacB amdtihe
slope of the stable retained medium m. Based on B, H, and m, the J@tia//Kdt the chart
can be found. Based onKtarf (450 / 2 Y0, ckan be cal cul atietle and sub
design methods for GRR walls to determine the requtemhgth of the reinforcement. However,
this design chart is not applicable for some realistic cases (i.e., walls with complex boundary
conditions). This chart indicated thecrease ahe lateral earth pressure with the decrease of the

wall aspect ratigL/H).
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Figure 2.21 Design chart for limited-space GRR walls (Leshchinsky et al2004)

In addition, Leshchinsky et al. (2004) stated that because of the limited fill space there
might not be sufficient ainorage length for the reinforcement and it must be anchored at its rear
end. They also suggested some practical techniques to address this issue: (1) installing anchors

into the bedrock and then connect the rear of the geosynthetics to these ancesr&®@.fiuse
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horizontal Ushaped anchors; insert reinforcing geosynthetic strips into the loop and back fold);

(2) using a common approach of placing fill over rock interface with a bench.

Lawson and Yee (2005)

Lawson and Yee (2005) conducted a limitidigrium study using wedge stability
analysis for the reinforced soil walls with limited fill space to estimate the coefficient of lateral
earth pressure. Their study showed that the critical wedge angle converged to the Rankine failure
angle at a largeH ratio while it was above the Rankine failure plane at a srdéliriatio,
where L is the width of the wall at the top and H is the height of the wall.
In their study, Lawson and Yee (2005) investigated the effect of the geometries of the stable face
and the wall on the magnitude of lateral earth pressure and the location of critical failure surface.
In addition, they presented a case study of a reinforced segmental block retaining wall with
limited fill space, in which the reinforcement was conneabeahichors.

Lawson and Yee (2005) considered planar and bilinear slip surfaces asistogure
2.22(a) and calculated thvalues of K for various wall Lt/H ratios with a soil internalfriction
angleli & 30°.Lawson and Yee (2005) showed that when the wall aspect rdtit) (Las
greater than 0.5, the lateral earth pressure was equal to the Rankine active earth pressure as
shown in Figure 22(b). However, for the walls with an aspect ratid)lessthan 0.5, the

lateral earth pressure decreased with the decreaséof L
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Figure 2.22 Lateral force acting on the wall face, the wedge failure plane angle, and the
lateral earth pressure coefficient (Lawsn and Yee 2005).

Lawson and Yee (2005) also estimated the maximum lateral earth pressure coefficient
(Kmay for fills with various friction angles;, along with various {H ratios (Figure 2.23). They
found that the coefficient of lateral earth pressure acting on the face of the wall is governed by

the friction angle of the fill and the wall geometry.
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Figure 2.23 Maximum earth pressure coefficients Kmax fore 6 25°, 30°, 35° and 400
(Lawson and Yee 2005)
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In addition, Lawson and Yee (2005) proposed a simplified method to calculate the lateral
stresses on the WaFigure 2.24 shows the detail of this method.

Lawson and Yee (2005) also indicated that the reinforcement should have sufficient
strength and proper spacing to support the lateral earth pressure acting on the wall face. Lawson
and Yee (2005) suggestdtht to provide sufficient anchorage for the reinforcement, the
reinforcement needs to be either connected to anchors or nails installed in the stable retaining

medium omwrapped around the back of the reinforced fill.
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Figure 2.24 Lateral earth pressure distribution acting on the rear of the wall facing due to
fill self-weight and surcharge (Lawson and Yee 2005).

Bilgin (2009)

Bilgin (2009) performed an analytical study to investigate the governing failodes in
determining the required minimum reinforcement length. He investigated the effect of several
parameters, such as wall height, surcharge, reinforcement vertical spacing, reinforced fill width,

fill unit weight, and fill friction angle, on the reged reinforcement length. Bilgin (2009)
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concluded that both the external and internal failure modes govern the required minimum
reinforcement length, and the most common failure mode was pullout. In addition, it is possible
to use reinforcement length ster than 0.7H; however, special attention should be given to wall

deformations if short reinforcement is used.

Yang et al. (2011)

Yang et al(2011) investigated the critical failure plane in limited space GRR walls using
the limited equilibrium method hey used the | imit equilibrium
developed at the University of Texas at Austin to conduct the analysis. They modeled the
centrifuge tests conducted by Woodruff (2003) with B/H = 0.4, 0.6 and 0.7 using the
AUTEXAS40 progr am.

Yang et al. 2011) indicated that for GRR walls with a low wall aspect ratio (L/H) the
critical failure plane was not linear but bilinear. Figure 2.25 shows that for both the centrifuge
and limit equilibrium results the critical failure surfaces went partially thraoigheinforced fill
and partially along the interface between the reinforced fill and the stable face. They reported
that the results from the limit equilibrium method well matched with the centrifuge test results
and the inclination angle of the failurlape decreased with a decrease in the wall aspect ratio
(L/H). Yang et al. (2011) also observed that the reinforcement type and the surcharge condition

changed the location of the critical failure plane.

36



250

-~

Depth (mm)

a0 4

200 4

150

100 1

B Woodruff (2003)

¥ Yang etal. (2011)

r—

) *
Rankine 1
" |
S N
y Ix-
F x ]
" i
80 120 160
Width (mm)

Figure 2.25 Critical failure surfaces (Yang et al.2011)

Greco (2013)

Greco (2013) presented an analytical solution using the limit equilibrium method to

evaluate the active wedge applied in the gravity retaining wall with limited fill space. As shown in

Figure 2.26, he assumed three different failure mechanisms between the wall face and the stable

face to investigate the shape of active wedge failure in limited fill space rigid walls. Greco (2013)

reported that the coefficient of lateral earth pressure wan o t

theory but also less than thased on Frydman and Keissar (19878)

only |l ess than

f iFgare 22@ghows

the distribution of the estimated lateral earth pressure coefficient againss @& (2013plso

found that the intéace friction angle between the backfill and the boundaries had a significant

effect on the lateral earth pressure coefficient as showigure 2.28.
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Figure 2.26 Mechanisms of failure between the wall fag and the stable face (Grec2013
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Figure 2.27 Coefficient of lateral earth pressure vs. Z/B
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2.4.4 Numerical studies

Numerical methods have been effectively used to analyze reinforced and unreinforced
soil retaining walls. Both the finite element meth&d(purap and Bathurst 1995; Ling et al
199;Ling and Leshchinsky 2003; Skinner and Rowe 2005; Morrisoh 2066; Kniss et al.,
2007; Yang et al 2007; Yang et al. 2008; Fan and Fang 2010; Pukar and Kute 2013; Damians et
al. 2013(mettalic), and 2015; and Mirmoradi and Ehrlich 2015; Yu et al. 2@h8ahe finite
difference methodLeshchinsky and Vulova 200Holtz and Lee 2002; Reddy et al. 2003,
Leshchinsky et al.,2004; Hatami and Bathurst 2005 and; 288 and Leshchinsky; 2006b;
Han and Leshchinsky, 2007; Han and Leshchinsky 2010; Huang et al. 2009, 2011, 2013 and

2014; Pukar and Kute 2013; Damians e®8ll4; Yu et al. 2015a; Yu et.2016)have been
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used to study GRR walls. Both methods have been verified to give satisfactory predictions of
important performance features of fsttale walls in the field and reduesdale model walls in

the laboratorfHatami and Bathurst 2005, 2006; Morrison e28D6;Fan and Fang 2010;

Huang et al. 2009, 2010; Damians et al. 2015).

Numerical analysis of reinforced retaining walls requires the properties of the three
componentsd.g., backfill soil, reinforcement drwall facing) and the interface properties
between these components. A summary of the material properties found in the reviewed
numerical studies is presented below. The following sectomsnarizeshe material properties
found in the reviewed numericsiudies and briefly describe the reviewed numerical studies on

the limited fill space walls.

Soil Properties

Researchers used different soil constitutive models to simulate behavior of soil in
geosynthetic reinforced retaining walls like:
(1) Soil stres dependent hyperbolic model with Mohr Coulomb failure criterdiomg(et al
1999;Holtz and Lee 2002;ing and Leshchinsky 2008{atami and Bathurst 2005 and 2006)
(2) Linear elastic perfectly plastic material with Mof@&sulomb failure criterionl{eshchinsky
and Vulova 2001; Reddy et. Al. 2003; Leshchinsky et al. 2004; Yang and Liul2a6&and
Leshchinsky 2010Huang et.al. 2011; Abdelouhab et al. 20Damians et al. 2014(u et al.

2016; Jiang 2006

(3YDuncarChang hyper bol i ¢ modelwith MobhrdCedlomb failarecriteria d e 6 s

(Huang et al. 2009).
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(4) Capyield soil model (Huang et.al. 2013 and 2014 aiaeshg 2015 Linear elastic model
(Pukar and Kute 2013 arikhiss et al. 200)f and (5) hardening soil modéflirmoradi and

Ehrlich 2015.

Reinforcement properties

Various structural elements were incorporated in FLAC to simulate the reinforcement in
geotechnical structures, and the following have been used to simulate geosynthetic reinforcement
in GRR walls:
(1) Linearly elastic cablelement (Holtz and Lee 200Reshchinsky and Vulova 2001; Han and
Leshchinsky 2010),
(2) Linearly elastiegeogrid element (Huang 2011, 2013 and 2014),
(3) Hyperbolic load strain time model for polypropylene geogrid and M@lmediomb for PET
geogridcableelement (Hatami and Bathurst 2005; 2006 and Huang et al 2009; Yu et al. 2016),
(4) A flexible beam structures (Reddy et al. 2003), and

(5) Linearly elastic and perfectly plastitrip element (Yue et al. 2015; adéng2016).

Facing unit properties

Most of the facing units used in GRR veadke made of concrete and so linear elastic
material were intensively used to simulate facing units (Holtz and Lee R882¢hinsky and
Vulova 2001;Mirmoradi and Ehrlich 2015; Hatami and Bathurst 2005 and 200&t 412016
andJiang 2016).0ne dimensional elememntonlinear material properties also was used to

simulate the behavior of facing units in GRR walls (Ling et al 2001).
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Interface properties

FLAC provides various interfaces to simulate the interactitwesn two different
components (materials) of a geotechnical structure. For example, an interface between
geosynthetic and backfill material, an interface between wall facing and backfill material, and an
interface between the facing units in GRR walls.

Itasca (2014) defines interface as a connection betweegrisisithat can slide or open.
A combination of springs and sliders are used to model the interface behavior. A vertical spring
with a tensile strength is used to simulate the behavior of interfdlbe normal direction
(normal stiffness) and a horizontal spring and a slider is used to simulate the behavior of the
interface in the tangent direction.

The following interface models were used to simulate the interaction between each of
two adjacentomponents of GRR walls:
(1) Sliding or separation interface with Me@oulomb sheastrength criterionl({ing et al 2000;
Leshchinsky and Vulova 2001; Huang et al. 2008y and Leshchinsky 2010; Huang et al.
2011, 2013 and 2014, Yu et al. 210&ng 2086), and
(2) Perfectly bonded (Holtz and Lee 206&tami and Bathurst 2005 and 2006; Damians et al.

2013; Mirmoradi and Ehrlich 2015 and Yu et al. 2016).

Morrison et al. (2006)

Morrison et al.(2006) conducted a numerical study using the finite elemeagram
(PLAXIS) to simulate thdull-scaletest wall in the field, which was limited to the unconnected
portion of t he wal |l -SoTiHey nwsdeed tthoe shstimrl dagnei n

behavior and the fAgeogri dne ndl.e mePrdtattead il muneatt
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simulate the MSE wall facing units. Morri son

behavior to model the reinforced concrete footing. It was reported that this study showed a good
agreement of the results teten the numerical model and fsltale field test.

The full-scale field test, the centrifuge model tests, and the numerical model analysis
indicated that the wall with the reinforcement length as short as 0.25H remained stable under a
considerably highesurcharge load. Based on this finding, Morrison et al. (2006) recommended a
minimum reinforcement length equivalent to 0.3H as measured from the top of the leveling pad
for an SMSE wall system. In addition, the two upper reinforcement layers need tiebaeeixto
a minimum length of 0.6H or 1.5 m beyond the shored wall (Figure 2.29). However, they clearly
declared that this guideline was specifically established for the use of soil nail walls as the shoring
wall componentMorrison et al. (2006) did notecommend any rear connection because the
experimental test results did not show the benefit of attaching the reinforcement to the shored wall,

and the complexity of construction of connections.
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Figure 2.29 Typical cross section of a shored reinforced retaining wall system for steep
terrains (Morrison et al. 2006).

Kniss et al. (2007)

Kniss et al(2007) performed a series of numerical analyses to find the distribution of the
lateral earth pressures behimdited fill spaceunyieldingwalls. Kniss et al. (2007) used three
constitutive models to simulate the soil in the numerical softwBteAXIS: linear elastic,
Mohr-Coulomb, and Hardenir§ o i | . A Afixedd boundary was us
wall condition. Kniss et al. (2007) used the interface elements available in PLAXIS to model the
soil-wall interaction and its interface strength was controlled by an interface reduction factor that
relates the interface strength to the shear strength of the soi

Kniss et al. (2007) investigated the effect of a range of wall aspect ratios on the lateral
earth pressures underratst and active conditions. They compared the lateral earth pressures

predicted by the numerical method with the measured ones feoexgerimental tests and the
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calcul ated one based on Janssendés arching the
calcul ated | ater al earth pressures from the n
and the experimental measurements.régults showed the decrease of the lateral earth pressures

with the decrease of the wall aspect ratio.

Yang and Liu (2007)

Yang and Liu (2007performed a numerical analyssassesshe lateral earth pressure
distributionsin limited fill space wallswith inextensiblaeinforcementThey investigated the
effect of the wall aspect ratio (L/H) on the lateral earth pressure distribution along the wall face
and the center of the limited fill space walls. The wall aspect ratio studied were 0.1, 0.8¢0.5, a
0.7. Yang and Liu (2007) used the finite element progrAXIS for the numerical analysis.
Figure 2.30 shows the geometry of the model used by Yang and Liu (2007 sifftubgtecthe
behavior of soil and the interface between the wall face andssngan dastic-plastic model
APl ated el emeasimiladet wer walusedate and fAfi xedo bou
to modelthe stable medium

Yang and Liu (20073howedthe decrease of the lateral earth pressure with the decrease
of the wall apect ratipandconcluded that the design of limited fill space walls using the design

the FHWA design guidelines is conservative.
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Figure 2.30 Model geometry simulated by Yang and Liu 2007

Han and Le$chinsky (2010)

Han and Leshchinsky (2010) used the finite difference method incorporated in the
numerical software FLAC 2D and the limit equilibrium method in the softwaf@eSSA to
study the effect of the wall width to height ratio on the internalexaelrnal stability of backo-
back MSE walls under static loading. In their study, they investigated the effect of the wall
aspect ratio (wall width (B) to wall height (H)) on the critical failure plane, and the lateral earth
pressure behind the reinfortéll zone. Reinforcema was modeled as a cable with grouted
interface properties between cable and soil. They used the G&nHomb failure criteria for the
strength between blocks, the strength of the
foundation soil. Figue 2.31 shows the model geometry and material properties used by Han and

Leshchinsky (2010).
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Figure 2.31 Back to back MSE model (Han and Leshchinskp010

Figure 2.32 shows the critical failure planes iolkot back walls. Han and Leshchinsky
(2010I) reported that if there was no retained fill between these two walls, the failure surfaces
entered the reinforced zone form another side. Thus, the critical failure plane was bilinear for the

case without any tained fill between the two walls.

Width (B)

< 4.2m ] 4.2m _

Height (m)

Figure 2.32 Critical failure planes in back-to-back walls (Han and Leshchinsky2010
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Fan and Fang (2010)

Fan and Fang (201@gerformeda numerical analysis &xaminethe distribution of the
lateral earth pressures behind the wall face under limited fill space conditiores
deformable wallsTheeffects of backfill geometry and the friction angle of tiaekfill on the
distribuion of thelateral earth pressumere examinedFan and Fang (2010) used the finite
element programm PLAXIS to assesshelateral earth pressure fromrast to active conditions
for anon-deformablewall close to astable mediumThey usedMohr-Coulomb constitutive
modelto simulatethe behavior of soil Two types of interface (i.e., the interface between the wall
and the backfill and the interface betweendtable mediunand the backfill) were considered.
Thestable mediunbehind the wall and the facing wall were modelled using thegleit

linearly elastic behavior.

Fan and Fang (2010) estimated the lateral earth pressure distributions along the depth
(z/H) at various wall displacements and atfthe ( Wadtdr)of 8° and the b (bottom width of the
wall) value of 0.5 m (Figure 2.33Jheyfound that the coefficient of lateral earth pressure was
much lower than that based on the Coulomb theory. It was also stated that the location of the
rock face behind the retaining wall played an important role in the coefficient of lateral earth
pressure distribution with depth (Figure 2.34)«Ks the coefficient of active earth pressure
computed by the numerical analysis whilgdéuomb)is the coefficient of active earth pressure

based on the Coulomb solution.
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Figure 2.33 Distributions of lateral earth pressures with depth at various wall
displacements (Fan and Fang 2010)
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Chapter 3 Model Scale Effect Analysis

3.1 Introduction

Full-scale (prototype) testing is ideal for understanding actual behavior of engireering
related structures. However, researchers often conduct tests on reddeadodels in
laboratory because these models require less space, time, and cost for construction,
instrumentation, and testing. These models can also be run and monitored untilTfadure.
results of laboratory reducestale model tests are used to depelond verify mathematical
models for predicting the performance and behavior ofsitdle modelsTo ensure reduced
scale models to correctly and reasonably reflect the behavior -atchlé modelst is required
to developamodeling technique, scalingws between model and prototype, which account for
all the variables governing the behavior or response of thedalé structure. The concept of
similarity and dimensional analysis can be used to find the scaling laws between 1schieed
and prototpe modelsKline (1986)presented three methods for scale modeling applications:
dimensional analysis, similitude theory, and method of governing equations.r&seaychers
have used the principle of dimensional analysis and similarity theory to acootim: Scale
effect in various civil engineering structur@sg., Noche 2013; Andrew 2013; Chadwick 2013;
Wang et al. 201Xhurmi 2006;Reddy et al. 2003; Ettema et al. 1998 and Neymand 1998)
Thus, to minimize uncertainty and increase confidence irethdts of laboratory
reducedscale models, a scale effect analysis should be conducted to account for all parameters
governing the behavior of théuslied models. In this study, a dimensional analysis method, the
Buc ki n gTheomam @ethod, was used with the principle of similarity between the reduced

scale model and the prototype to examine possible scale effect on the behavior of geasynthetic
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reinforced retaining (GRR) walls. This process helped design the proper restatednodels

for the laboratory study to be discussed in Chapter 4. The equations used by the Federal
Highway Administration (FHWA) to calculate the maximum tensile stress of itf@rmeement

in GRR walls (FHWA 2009) were used to examine the scale effect and to verify the results of the
dimensional analysis method. Then, a limit equilibrium method was used to derive a scaling law
to evaluate the use of laboratory redusedle GRR radel walls. The following sections present

the details of the scale effect analysis.

3.2 Methods ofapproach

3.2.1 Dimensionalanalysis
Dimensional analysis is a mathematical technique dealing with the dimensions of
physical quantities. This method is used teadhequations, interpret experimental data, convert
unit systems, and examine physical models. In this study, modeling was carried out based on the
principle of similarity and dimensional analysis, and the BuckinggamT heor em was use
the dimensionalraalysis method. The concept of this method is to find a dimensionless
relationship between a set of parameters that influence the behavior of a system. In this study, a
dimensional analysis was performed on the parameters that influence the stabilify ofaB&R
The Buckinghand Theorem suggests the following steps
Step 1. List all the parameters that are involved in the system and select the parameters to
be investigated and denote the total number of parameters as n.
Factor of safety (FS) is usuallged as a primary indicator to check the stability of a wall. The

parameters affecting FS and their fundamental Fbecgth Time units are listed below:
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H = height of wall [L]

L = width of wall [L]

L = length of reinforcement [L]

g = gravitational acceration [LT?]
J = stiffness of reinforcement [Fl]
T = strength of reinforcement [F
9 = unit weight [FL3]

q = surcharge [F1?]

€ = soil friction angle

This study considered wall height (H), reinforcement stiffness (J), reinforcement strength
and |l ength (T and L), soil uni t weinvgshgated( 0 ) , a
Therefore, the number of parameters (relevant variables) n = 6.

Step 2. Choose the repeating parameters (independent variables). Since the principle of
similarity requires that the model should have a similar unit weight with a desiretypet
model, and the scale factor for the geometry should always be one.dhawe been selected
as the repeating parameters éRd R, respectively).

Step 3. Specify the number of primary dimensions (m): Force (F) and Length (L);
therefore, m = 2.

Stop 4. Cal cul at-eguatiohseaequiredrmb=ebr 2 =g4f 1

Step 5. BPeguatiow fer eachoéthelm parameters (variables).

The gewequatibn will HHER)?1 = (variable) (R

Where a, b are chosen thatt h eequadtion becomeond i me nsi onal (i . e.
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Since H and are the repeating parameters, variables are L, g, J, and T.

T h e-equations for (L) will be:

“ 0 O éé6é6é6é6é. é (3.1)

“ D00 0 éééééé. & (3.1a)
“ 0 0O 0 éééééé. €& (3.1b)
“ D00 0D éééééé. €& (3.1c)
00 000 O éé6é6é6éé. €& (3.1d)
00 0 O éééééé. é (3.1e)

,,,,,,

a = 0éeéeeeee. e (3.1f1)

//////

1-3a + b = 0 éééééeé. ¢é& (3.

Since a = 0 (equation 3.19):
b=-1ééeééeéeé. é (3.1h)

Substituting the equation (3.1f) and (3.1h) with (a) and (b) in the equation (3.1):

T h e-equations for the rest of variables (g, J, and T) will be:

: @ 00 0D éééééé. (3.3)

: @ 00 0éééééé. (3.4)
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‘ @ 00 0éééeééé. (3.5)

Solvefora,and b u c h t kequatiorts are dimlensionless (following the procedures

implemented for the equation (3.1)), the following equations are obtained:

“ _666666. (3.6)
“ _gééééé. (3.7)
“  __666666. (3.8)
“  —_geéééé. (3.09)

Using a reducedcale model to simulate the behavior of a prototype structure requires a
similar model and a prototype system in terms of the geometry, material and load. The soil used
in both the model and prototype should édve same unit weight, and the same internal friction
angle at the scaled normal stress. Considering the principle of similarity, the following

relationships can be established between the reekozded model and the prototype:

Hn=NHpé 6 66 é¢é. (3.10)

//////

On=0Or€ €eeeeée. . (3.11)

M= pEEEEEE. . (3.12)
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The subscripts (m) and (p) are referred to the redacal® and prototype models,
respectively. N is the scale factor, which is the ratio of a redsicalé model to the prototype in
this study.

All lengths of the prototype arberefore scaled down to those in the model by a factor

(N). The cowauesargmondi ng 1

0 00 éé6éééé. (3.13)

,,,,,,

N O éééééé. (3.14)

//////

O 0OUv ééeééeéeée. (3.15)

Equation (3.15) reveals that the stiffness or the mechanical properties of the gdimsynthe
used in the laboratorycale model should be scaled down By For example, if N=1/5 and the
stiffness of the geogrid available in the market is 2000 kN/m, the stiffness of the laboratory
scaled geogrid should be 80 kN/m.
To examine the scale factarfthe strain value in geosynthetic reinforcement between a
prototype and a reduced scale model, Hookds |

ony, Accordi ng t o pfHlwedeksiesstressafigeodyntheticeinforcement can be
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assumed as the surcharge (q) and written g& &iricen 0 (Equation 3.13) and
0 0 (Equation 3.15):
N 0 N 0 OuNééeéeééé. (3.16a)
N ON éééeééé. (3.16bh)
Equation (3.16b) indicates that the strain in the geosynthetic used in the redaleed

model should be N times the strain in the geosynthetic used in the prototype model.

3.2.2 FHWA method for calculating the maximum tensilestress ofreinforcement in GRR
walls (2009)

The equations provided by FHWA (2009) to calculate the maximum tensile stress of
reinforcement in GRR Walls were used to find the scale factor between the prototype and the
redu@d-scale model.

Based on the FHWA (2009), the maximum tensile stiBgss, for a GRR wall with

level backfill and surcharge can be calculated as follows:

///////

where
d is the distance from the reinforcement layer of interest to the top of the wall;
kr is the coefficient of lateral earth pressure in the reinforced soil zone;
g is the applied surcharge;
Svis the vertical spacing betwe¢he layers of the reinforcement;
Jis the unit weight of soil.
The maximum tension of the reinforcement for a rediszade model can be written as:

Tuax-m =[kr(ddi+q)Smé€ééé (3.18)
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Tuvax-m=[Kr (O dim+gm)] Sm € € é é (3.19)

To find the sale factor between the prototype and the reduced scale model, the principle
of similarity was applied to the parameters of the porotype between the restadednodels. In
addition to Equations (3.10), (3.11), and (3.12), the following equations caliéé: a

dm=Ndpé éééé (3.20)

Sm=NSp,¢ é6ééé (3.21)
Tuax-m= (kr (3 Ndip + Ngp)) NSyp
Tmax-m=N? (K (3 dip + Op)) Sip)

Tuaxm=N°Twax p& €6 6 € é¢é. (3.22)

Based on FHWA (2009), the maximum tension should be lower than the pullout

resistance of the reinforcement, i.e.:
Twax O ftR* \LGCRUéééééé. . (3.23)

where

Le =the anchorage length of reinforcement in the resisting zone;

Tmax = the maximum reinforcement tension;

R = the resistance factor for reinforcement pullout;

F* = the pullout resistance factor, F* #Gan¢;

U = the scale correction factor;
v = the nonmnal vertical stress at the reinforcement level in the resistant zone;
C= 2 for geogrid;
Ci = the interaction coefficient, typically 0.8 for geogrid,;

Rc = the reinforcement coverage ratiq,®R1.0 in this study.
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The maximum tension of the reinforcemeaquired to resist pullout failure for the
reducedscale model can be written as:
Tuax-m=(RF* LECRU) é ¢ éé (3. 24)
Applying the principle of similarity:
Tuaxm=RF* (pMN)WpCRUEEE (3. 25)

Tuaxm=N?Twaxp €6 €€ € €€é€€é.. (3.26)

Both Equations (3.22) and (3.26) show that the tensile strength of the geosynthetic used
in the laborgory-scale model should be scaled down Bywhich verifies the results obtained

from the dimensional analysis (i.e., Equation 3.14).

3.2.3 Limit equilibrium method

Limit equilibrium methods have been commonly used to design major earth structures, including
geosyntheticeinforced retaining structures (Ellis and Christopher 1997). One of the commonly used limit
equilibrium methods is Bishopo6és simplified method
anal ysi s. Bi shop©os sedtmmdludefreinbortemerda ds la bodzontabferce mo d i f
intersecting the slip circle (Han and Leshchinsky 2004). This method has been built in the ReSSA
Version 3.0 program (also referred to as ReSSA (3.0)), developed by the ADAMA Engineering. ReSSA
(3.0)canaal yze many sl ip circles based alsogenarateear 6 s pr ed
safety map, which identifies the critical zone based on the criterion set up by tHeeS&A (3.0) has
been developed to analyze geosyntheticforced slopes anslalls (Han and Leshchinsky 2010,
and Han and Leshchinsky 200B)u e t o t he simplicity of the methoc

simplified method built in the ReSSA program to analyze the scale effect of GRR wallerifiydhe

results of the dimensionahalysis method.
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3.2.4 Modeling of problem

Figure 3.1 shows a typical geometry and material properties for the model used to
analyze the scale effect of the GRR wall models. Three different scale factors, N = 1/5, 3, and 10
were used. Various models were stddie find the scale law (i.e., the correct scale factor)
between the prototype and laboratory redusesle models for GRR walls. Table 3.1 shows the

models investigated in this study.

l -y
::‘ Geosynthetic
y
E |
I 1 y=20kN/m’
I c=0.0kN/m?
P h=370
1 2H -—
¥ =20 kN/m’
) c= 0.0 kN/m?
Foundation $=37°

Figure 3.1 Typical GRR model

Models 1, 1I, and slll in Table 3.1 are referred to the unreinforced models without any
load, with a uniform load (), and with a strip load (§ respectively. The purpose for the
analysis of unreiforced models was to determine the scalg effthe geometry of the model
and the applied load when the geosynthetic (reinforcement) was not included. Models IV, V, and
VI are referred to the reinforced models without any load, with a uniform load, and with a strip

load, respectively.
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Table 3.1 Models

Model Type Description

Model | Simple Model

Model Il Model with Uniform Surcharge

Model 111 Model with Strip Load

Model IV Simple Model with Reinforcement

Model V Model with Uniform Surcharg& Reinforcement
Model VI Model with Strip Load & Reinforcement

In this study, the required tensile strength of the reinforcement and/or the magnitude of
the applied load for the fuicale model were first determined for the factor of safety equal to
1.0, using ReSSA (3.0). Then the critical slip surface and the factor of safety of the rechieed
model were determined and then compared with those of thechl# model. The size of the
reducedscale models was reduced based on the scale factofi.esed = 1/5) and then the
tensile strength value of the reinforcement and/or the magnitude of the applied load were varied
until the computed factor of safety of the redusedle model became unity (i.e., equal to the
factor of safety of the fulcak model). When the factor of safety of the reduseale model
was equal to the factor of safety of the f&diale model (i.e., factor of safety = 1.0), the tensile
strength of the reinforcement in the fattale model was compared with that in the recisoade

model to find the scale factor between these two models.

Results oflimit equilibrium analysis forscalefactor (N) =1/5

Table 3.2 shows the calculated factors of safety of Models I, II, and Ill. The prototype
model simulated a fubcale wall 0/6.0 m high and the reducadale (RS) models simulated the
reducedscale models of 1.2 m high, whose dimensions (i.e., height and width of the model) were
reduced by the scale factor N §1(note: all the factors of safety (FS) presented in this
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dissertéion are the minimum factors of safety obtained by ReSSA (3.0)). Table 3.2 shows that

for Model 1, the prototype and the redueszhle models resulted in the same FS (i.e., 1.0) when

the prototype dimensions were reduced by the scale factor (N=1/5). leetdMband 1, it is

observed that the reducsdale models with the uniform and strip loads reduced by N 3nd N
respectively, generated the same FS result as the prototype model. In other words, under uniform
loading, the scale factor should be N (i@,=20 kPa), while under strip loading, the scale factor

should be N (i.e., @=4.8 kN/m).

Table 3.2 Unreinforced wall

Case Tu (KN/m) | Surcharge (Q) FS
Model | Prototype - - 1.01
RS - - 1.01

Case Tu (KN/m) Qu (kPa) FS

Model Il Prototype - 100 1
RS1 - 100 0.85

RS2 - 20 1
Case Tu (KN/m) Qs (KN/m) FS
Model 111 Prototype - 120 1.02
RS1 - 24 0.94
RS2 - 4.8 1.02

Table 3.2 shows that Model Il with the RScase had a lower factor of sgf@.e., FS =
0.94) than that (1.0) of the prototype when the strip load was reduced by the scale factor N. The
reason for this result is that the dimension (width) of the loading plate was also reduced by the
scale factor N.

Table 3.3 shows the calcudat FS results of the reinforced wall models (Model IV). The
prototype model simulated a ftdtale geosynthetie@inforced model wall of 6.0 m high while

the RS cases simulated the redusedle models of 1.2 m high (i.e., N=1/5). The R&ase is a
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modelwall reinforced with the same tensile strength of the reinforcement (i.e., ultimate strength
(Tuw) = 20 kN/m) as that of the prototype. The reinforcement strength in #edaSe was

reduced by the scale factor of N while the reinforcement strength RSi3ecase was reduced

by N? (i.e., Tu= 0.8 kN/m). All the cases were investigated to find the-bmetth case that
simulated the prototype model. Table 3.3 indicates that when the reinforcement strength of the
prototype was used in the redueszhle mdel, the software was not capable of calculating the
factor of safety for the model (i.e., N/A). The reduction of the tensile strength of reinforcement
by the scale factor N (i.e.uE 4 kN/m) in the reducedcale model (i.e., R3) resulted in a

much hgher factor of safety (i.e., FS=19.56) than that of the prototype model (i.e., FS = 1.00).
Table 3.3 also shows that when the tensile strength of the reinforcement in3heaRSwas
reduced by the scale factor of,Xhe calculated factor of safety, E$.02, which is the same as

that of the prototype.

In addition, Figures 3.2, 3.3, 3.4, and 3.5 show the slip surfaces (10 critical circles) and
the safety maps for the prototype and theRR&se, in which the tensile strength of
reinforcement was reducéy N2. Figures 3.2 to 3.5 show that the prototype and th& R&se
had the same slip surfaces and safety maps, which indicate that the scale’factit kb be
applied to the tensile strength of the reinforcement in the reekaadd models to simulatke

prototype model.

However, Figure 3.6 shows that when the tensile strength of the reinforcement ir the RS
2 case was reduced by N (i.e T4 kN/m), different slip surfaces were developed as compared
with those in the prototype model. This comgpan indicates that because of the improper scale
factor, the reducedcale model yielded a different factor of safety and different slip surfaces

than those of the prototype.
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Table 3.3 Reinforced wall

Case Tu (kN/m) | Surcharge (kPa] F.S.
>
% Prototype 20 0.0 1.02
B RS1 20 0.0 N/A
= RS2 4 0.0 19.56
RS3 0.8 0.0 1.02
| 18
S | 7
o | A
| A ©
| 7\
RN <
10 critical circle
Minimum Factor of Safety = 1.02 N
2 4 6 8 10 12 14 16 18 20 22 24m
Figure 3.2 Model IV Prototype
]
o Vi -
] 1=
8 } /";’:;’
- | : i I
S @
10 critical circles -
Minimum Factor of Safety = 1.02 o
04 08 12 16 2 24 28 32 36 40 44 48m

Figure 3.3 Model IV RS-3 Case
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Minsmum factor of safefy = 1,02 X = 28dm.
R = 22,08 m, ¥ o= 7.90m.

Figure 3.4 Model 1V Prototype

Mirimum factor of safety = 102 X = L52m.
Fasdips = 4,43 m, ¥ o= 46 m.

Figure 3.5 Model IV RS-3 Case
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Figure 3.6 Model IV RS-2 Case

Table 3.4 shows the calculated FS results for the reinforced model walls under a uniform
applied load (Model V). Various cases were considered to obtain correct scale factors between
the prototype and the reduesdale models. In this analgstwo parameters were studied, the
tensile strength of the reinforcement and the magnitude of the applied surcharge. Same as for
Model Ill, the prototype case simulated afsdiale reinforced wall of 6.0 high, which was
subjected to an applied surchaf{@g) of 180 kPa. The RS cases simulated the redscald
models of 1.2 m high (N = 1/5). The RSA case represents a model reinforced with the same
reinforcement strength (i.e..'E 50 kN/m) and subjected to the same applied surcharge (Q
=180 kPa) athose of the prototype. The RSB case is similar to the RBA case except that
an exclusion zone was introduced in the foundation of th&-B®ase to avoid the critical slip
surfaces passing through the foundation. The magnitude of the applied garaha the
reinforcement strength were reduced by N in the2R&se. The RS case had the same
reinforcement strength (i.e..’E 50 kN/m) and the reduced surcharge by N as that of the
prototype was used. For the BSase, the reinforcement strengthsweduced by Ni.e., Tu=

2 kN/m) and the magnitude of the applied surcharge was reduced by Nyi=e36kPa).
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Table 3.4 Reinforced walls subjected to uniform surcharge

Case (k;l/“m) Qu (kP3) FS
Prototype 50 180 1.0
S RS1-A 50 180 2.36
- RS1-B 50 180 2.64
S SR2-A 10 36 3.97
= SR2-B 10 36 6.82
RS3-A 50 36 3.7
RS3-B 50 36 76.42
RS4 2 36 1.0

Different factors of safety were obtained by applying different scale factor for the
reinforcement and the surcharge. Figure 3.7 shows the critical failure surfaces for the prototype

model with the minimum FS= 1.0., which is the baseline case for Model V cases.

I V4
| & E
oS | il
| ©
\\\ ~
10 critical circles
Minimum Factor of Safety = 1.0 ™
2 4 6 8 10 12 14 16 18 20 22 24m

Figure 3.7 Model V Prototype

Table 3.4 shows that the RISA case generated a higher factor of safety (i.e., FS = 2.36)
than that of the prototype. The same model yielded even a higher factor of safety (i.e., FS = 2.64)

when an exclusion was introduced in the foundation as #d-B®ase. Figure 3.8 shows the
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critical failure surfaces for the REB case, which are different from those of the prototype.
RS-2-A and RS2-B cases, in which the reinforcement strength and the magnitude of the applied

surcharge were reduced by N, alssutéed in higher factors of safety than those of the prototype.

T i 7 £
| 7 2
S | 7
- | P N
J L 1=
L ‘ 3 ///
" oq
\\
10 critical circles EE
Minimum Factor of Safety = 2.64
04 08 12 16 2 24 28 32 36 40 44 48m

Figure 3.8 Model V RS-1-B Case

Table 3.4 also shows that the minimum factor of safety for th2-RSvas 3.97 and
became 6.82 when an exsion zone was introduced to the foundation of the?HScase.
Figures 3.9 and 3.10 show the critical failure surfaces for th2-R&nd RS2-B cases are

different from those of the prototype in Figure 3.7 because of the improper scale factor.
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Figure 3.9 Model V RS-2-A Case
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Figure 3.10 Model V RS-2-B Case

Nonetheless, the R&case shows that the reduction of the tensile strength of the
reinforcement by Ri(i.e., Tu= 2 kN/m)and the uniform applied surcharge byiN., Q = 36
kPa)generated the same factor of safety as that of the prototype (i.e., FS = 1.0). Figure 3.11
shows that the reduction of the tensile strength of the reinforcemerftdnydNhemagnitude of
the uniform surcharge by N in the 8 case not only generated the same factor of safety but

also the same critical slip surfaces as those of the prototype as shown in Figure 3.8.
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Figure 3.11 Model V RS-4

Table 3.5 shows the calculated FS results for the reinforced retaining wall models
subjected to strip loading (Model VI). Various cases were analyzed to obtain the correct scale
factors between the prototype and reduseale models. In Maa VI, two parameters were
examined, the tensile strength of the reinforcement and the applied surcharge. Similar to the
Model V cases, the prototype case simulated sstidle reinforced wall of 6.0 m high, which
was subjected to a strip surcharge)(@ 480 kPa. The RS cases simulated the reduced scale
models of 1.2 m high (N=1/5). The RScase represents a model with the same reinforcement
strength (i.e., i = 50 kN/m) and same applied surcharge (i.e. Q80 kN/m) as those of the
prototype modelin the RS2 case, the same reinforcement strength as that of the prototype (i.e.,
Tu =50 kN/m) was used, but the applied surcharge was reduced by the scale factor dl<i.e., Q
96 kN/m). Additionally, The RS case represents a model, in which thefoecement strength
and the applied surcharge were reduced by the scale factor N(i 1O’ kN/m, and @= 96
kN/m). For the RS} case, the reinforcement strength was reduced by the scale factor N and the

magnitude of the applied surcharge was redueN’. Both the magnitude of the applied
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surcharge and the reinforcement strength were reduced inytine RS5 case (i.e., §= 2

kN/m, and @=19.2 kN/m).

Table 3.5 Reinforced walls under strip loading

Case Tu (KN/m) Qs (kN/m) FS
— Prototype 50 480 1.01
> RS1 50 480 0.8
3 RS2 50 96 7.81
= RS3 10 96 1.18

RS4 10 19.2 20.53

RS5 2 19.2 1.01

Table 3.5 indicates that when the reinforcement strength and the magnitude of the strip
surchargavere scaled down byNi.e., Tu= 2 kN/m and @= 19.2 kN/m) in the RS case, the
same factor of safety as that for the prototype was yieklgdre 3.12and 3.13 show that the
RS5 case, in which both the reinforcement strength and the magnituue agplied strip

surcharge were scaled downM$, had the same slip surfaces as the prototype.

VA 18
1@
T g
'-10 critical circle
Minimum Factor of Safety = 1.01 ey
2 4 6 8 10 12 14 16 18 20 22 2am

Figure 3.12 Model-VI -Prototype
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Figure 3.13 Model VI RS-5 Case

Similarly, Figures 3.14 and 3.1&how that the RS case had the same safety map as the
prototype when the reinforcement strength and the magnitude of the applied strip surcharge were
scaled down by Riin the RS5 caseOn the other hand, the reducazhle model (RQ) with the
same reinforcement strength and the same applied surcharge of the prototype resulted in a lower
factor of safety (i.e., FS = 0.8) than that of the prototype. This result is due to the use of the
higher applied surcharge (i.€s = 480 kN/m) than the scaled applied surcharge (i€= 3.2

KN/m).
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Mmum foctor of safety = 1,01 X =6.52m.
Radus = 22.87m. Y= -441m,

Figure 3.14 Model VI Prototype

Miremum factor of safety = L.02 X = L3m.
R = 4,59 m., ¥ = <087 m.

Figure 3.15Model VI RS-5 Case

Table 3.5 also shws that the use dhe same reinforcement strength as that of the

prototype in a reduced scale model (i.e., the2R&8nd the scaled magnitude of the applied
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surcharge by N (€= 96 kN/m) resulted in a much higher factor of safety (i.e., FS = 7.82) than

that of the prototype. However, the RS ase had very similar critical slip surfaces as the

prototype (i.e., Figure 3.11 vs. Figure 3.16).

sy
16m

1.2

mT—
0.8

AN
"—10 critical circles

0.4

Minimum Factor of Safety =7.82

04 08 12 16 2 24 28 32 36 40 44 48m

Figure 3.16 Model VI RS-2

In addtionwhen the strength of theindorcement scaled by N.e., Ty = 10 kN/m) and
the magnitude of the applied load reduced Byil., Q= 19.2 kN/m) in the R case, it
yielded a higher factor of safety (i.e., FS = 20.53) than th& B&e and the prototype (i.e., FS
= 1.01). Figwe 3.17 shows the critical failure surfaces of thedR@se, which are different from
those of the prototype or the F8ase, indicating that the improper use of a scale factor for a

reducedscale model could result in different slip surfaces.
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Figure 3.17 Model VI RS-4

Results oflimit equilibrium analysis forscale fictors (N) =1/3 and1/10

Further analyses were done in this study to chdodtherthe same conclusions were still
valid for other scaleaictors. In these analyses, a redusegle model was used as the baseline
case to predict the behavior of a prototype (i.e., asttdle model). Table 3.6 shows the results
of these analyses.

Based on the results of the earlier analyses (i.e., N =hé&xcale factor Nwas applied
to the reinforcement strength and the applied strip surcharge (considering the width of the
loading plate was scaled by N), and the scale factwasNapplied to the uniform surcharge.

All the cases in the Model | had nopdipd surcharge, while the Model Il and Model IlI
casesvere subjected to uniform and strip surcharge, respectively.

Tables 3.3, 3.4, and 3.5 presented the results of th& RS4, and RSb cases,
respectively. These three models represent the redwwedel model walls of 1.2 m high,
subjected to zero surcharge, a uniform surcharge=(86 kPa), and a strip surcharges €19.2
kN/m), respectively. The F$ and FS2 cases in all the models represent thedadile model
walls of 3.6 m (N=1/3) and 12.0n (N=1/10), respectively.
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Table 3.6 Reinforcedwalls for N = 1/3 and 1/10

Case Tu (KN/m) Surcharge (Q) FS
Model | RS3 0.8 0.0 1.02
FS1 7.2 0.0 1.02
FS2 80 0.0 1.02
Case Tu (KN/m) Qu (kPa) FS
Model Il RSA4 2 36 1.0
FS1 18 108 1.0
FS2 200 360 1.0
Case Tu (KN/m) Qs (kN/m) FS
Model 3 RS5 2 19.2 1.02
FS1 18 172.8 1.03
FS2 200 1920 1.02

Table 3.6 shows that the increase of the reinforcement strengthibyhé¢ Model |
cases (i.e.JTu = 7.2 kN/m in the FQ case with N=3.0, and,il= 80 kN/m in the F& case with
N=10) generatethe same factor of safety as that of the redisade model (i.e. FS=1.02).
Figures 3.18 and 3.19 show the critical slip surfaces and the factors gfggafetated by

ReSSA (3.0) for the F$ and FS2 cases.

3
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Figure 3.18 Model | FS-1

74



B | Vi
l Wi £
! /4 ©
8 | /7
o Vi
T 7 o
[ A
V \\_ o
10 critical circles
Minimum Factor of Safety = 1.02 <

4 8 12 16 20 24 28 32 36 40 44  48m

Figure 3.19 Model | FS-2

Figures 3.18 and 3.19 also show that the amaljielded the same slip surfaces for both

cases (F4 and F&). As compared with Figure 3.3, Figures 3.18 and 3.19 show the same slip

surfaces as those of the RS ase.

Table 3.6 also shows that the increase of the reinforcement strengttirbthBiModel ||
cases (i.e.Tu = 18 kN/m for the FS case with N%/3, and T, = 200 kN/m for the FS 2 case
with N=1/10) and the magnitude of the applied surcharge by N (i.e=, {08 kPa for the F%
case, and Q= 360 kPa for the F8 case) resultenh the @ame factor of safety as that of the-RS
1 case (i.e., FS=1.0).
Figures 3.20 and 3.21 show that the increase of the strength of the reinforcement and the
magnitude of the applied surcharge By(i\e., @ = 172.8 kN/m in the FS case with N%/3
and @ =192 kN/m in the F& case with N4/10)to the reducedgcale model resulted in the
same factor of safety and slip surfaces as those of the baseline model (Figure 3.13). These results
and comparisons indicate that the reduseale models can be used to prethie behavior of

the prototype model in term of the factor of safety and slip surfaces.
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In summaryall three methods (i.e., the dimensional analysis, the FHWA equations, and
the limit equilibrium method) used in the above analyses resulted in the same scale factor. Table
3.7 presents the scale factors used for different parameters in prototype aed sedie model
walls in this study. These scale factors were used in this study to design the restaled

model tests to be discussed in Chapter 4.
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Table 3.7 Scalefactors for various parameters

Parameters Scale Factor
Model Height (H) N

Model Length (L) N
Reinforcement Stiffness (J) N?

Uniform Surcharge (Q) N

Strip Surcharge (q) N?
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Chapter 4 Laboratory Model Tests

4.1 Introduction

An experimental program was designed @onducted to study the behavior of
geosynthetic reinforced retaining (GRR) walls with limited fill space under static loading. This
chapter presents the layouts of the model tests, the properties of the material used, the test

instrumentation, and theeasurement methods.

4.2 Testplan

A series of limited space GRR wall models constructed in front of a stable face were
planned to test under static footing loading. The models were tested under plane strain
conditions. Table 4.1 presents the detail of thel@htest plans. The model walls were 1.0 m
high, 0.45 m wide and had various lengths, which simulitesdt meter highfull-scale walls.
Therefore, the scale ratio (i.e., the ratio between the model size (rexhatejito the prototype
size (fulkscale) =1/3). The stable face was modeled by a solid wooden block.

Figures 4.1 to 4.6 illustrate the layouts of all the model tests conducted in this study.
Figure 4.1 illustrates the layout for the A1 model test, which simulates a typical GRR wall with
reinforcement length of 0.7H (H is the height of the wall) and retained backfill (retained
medium) of 0.5H wide.

The A1 model test is the only model that had retained backfill. The purpose of testing this
model (the A1 model test) was to examine the effect aheddill on the behavior of GRR walls.
Figure 4.2 shows the test layouts for the models with reinforcement length of 0.7H and no retained
backfill to simulate the wall with the minimum reinforcemesgquirement andonstructed in front
of a stable face.igure 4.2 (a) shows the AZmodel test while Figure 4.2(b) shows the-A2
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model test. These two model tests are almost identical except for different footing offsets- The A2

Il model test was conducted as the control model test.

Table 4.1 Model testdetails

Wall Reinforcement Reinforcement Retained Footing*
Model . ) rear .
Width spacing (m) . medium offset (m)
connection
Al | 0.7H 0.2 not connected| __92H 02
retained fill
A2-| 0.7H 0.2 not connected stable 02
A3-| 0.5H 0.2 not connected stable 02
A4 0.3H 0.2 not connected stable 0.05
Bl 0.3H 0.1 not connected stable 0.05
C1 0.3H 0.2 connected stable 0.05
C2 0.3H 0.2 connectetf stable 0.05
C3 0.3H 0.2 bent upward stable 0.05
C4 0.5H 0.2 bent upwad stable 0.05
A2-1I 0.7H 0.2 not connected stable 0.05
A3-l 0.5H 0.2 not connected stable 0.05

* Distance from thdvackof wall facing to thenear edgef the footing;

** Two top layers connected
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Figure 4.1 Testlayout for A1 model
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Figure 4.2 Testlayouts for (a) the A22-I model and (b) the A2-II model
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Figure 4.3 shows the testylouts for both the ABmodel and the A3l model. These two

model tests were almost identical and had reinforcement length of 0.5H but they had different

footing offsets. The A3 models were planned to simulate GRR walls with reinforcement length

of 0.5H,constructed in front of a stable wall and subjected to a footing load. Figure 4.4

illustrates the A4 model and the B1 model, which had reinforcement length of 0.3H. However,

the B1 model had smaller vertical spacing of reinforcement (i.e., reinforcesréinalvspacing

=100 mm) than the A4 model

Geognd
Stable g
| | Reinforced fill Face Reinforced fil
E -
o
o
0 0.50m 0.50m
E E
- = (=
o~ o~
—1 = =
4 Foundation + Foundation
(a) (b)

Figure 4.3 Testlayouts for (a) the A3-I model and (b) the A3-II model
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Figure 4.4 Testlayouts for (a) the A model and (b) the BL. model

Figure 4.5 illustrates the C1 model and the C2 model that had reinforcement layers
connected (fixed) to the stable face at the rear. Both models had the same reinforcement length
(i.e., L=0.3H) and the same footing offset distance. Four layers out of five layers of the
reinforcement were connected to the stable face at the rear in the C1 model, while only the two
uppermost layers of the reinforcement in the C2 model were connedtezistable face at the
rear (i.e.connecting the rear of the reinforcementhte stable face by the use of anchors, ties, or
connectors)Figure 4.5(a) shows the enlarged view of the connectors built to connect the rear of
the reinforcement to the &il@ face. The purpose of connecting the reinforcement to the stable
face was to examine the effect of rear connection on the performance of limited fill space walls

as suggested by Leshchinsky et al. (2004) and Lawson and Yee (2005).

81



Wall
footing

Connector

Wall
footing

1.00m

- Geogrid

Geogrid

| Reinforced fill

Stable
Face

———0.30m

Concrete —
Blocks

Geogrid

' Reinforced fill

———0.30m

Foundation

Foundation

(@)

(b)

Figure 4.5 Testlayouts for (a) the CL. model and (b) the @ model

Figure 4.6 illustrates the C3 model and the C4 model tests that had all reinforcement
layers bent upward wita bent length of 0.2 m at the rear along the stable face. The C3 model
wall had reinforcement length of 0.3H while the C4 model wall had reinforcement length of

0.5H.
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Figure 4.6 Testlayouts for (a) the G model and (b) the Gl model

4.3 Testbox

The inside dimensions of the test box were 2.4 m long, 0.45 m wide, and 1.1 m high. The
main body of the box was made of structural steel sections. Figure 4.7 thieosehiematic view
of the test box. Two sides of the box were made ahB®thick transparent glass plates, which
allowed for visualizing and mapping of distortions, such as wall deformation, failure plane, and
footing settlement, during the te$b minimize the boundary effect due to the friction of the

sides of the box, lubricant was applied onto the glass plate from inside.
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4.4 Footing

The ripgifdoostirnig was-mmadbi ¢k osnt @el25p!| at e. T

reinforced by two steel profiles to minimize
wide and 450 mm | ong. To ensure a plane str
aproxi mately equal to the internal width of t|

the glass pl ates.

45 Materials

4.5.1 Backfill
Kansas River sand (Figure 4.8) was used as backfill for all the model tests conducted in
this study. The sand was clds=i as a poorly graded sand (SP) according to the Unified Soil

Classification System. Figure 4.9 shows the particle size distribution of the sand used in this
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study. Laboratory tests in accordance with ASTM D4@84nd ASTM D42530 were
conducted to detmine the minimum and maximum densities of the sand, respeciitely.

relative density of sand (Rwas determined from the following equation:

2 b F wprnm 8 1P

where

Jd mir= the minimum dry unit weight (KN/#
Jd max= the maximum dry unit weight (KN/y

24 = the dry unit weight that corresponds to a specified relative density gkN/m

The sand was compacted to a relative densityM/®%, whch corresponds to the dry unit weight

17.8 KN/n¥ in the model tests.

Figure 4.8 Kansas River sand
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Figure 4.9 Particle size distribution of the Kansas Rive sand

Three triaxial compression tests (ASTM D7181) at different confining stresses (34.5,
68.9, ad 103.3 kPa) were performed on the sand compacted at approximately 70% relative
density to determine the shear strength param
Figure 4.10 shows the results of the triaxial compression tests of KaneasSBRnd used in this

study, and Table 4.2 shows the properties of the sand.

Table 4.2 Properties of backfill material

Properties Value
Minimum dry unit weightd min (KN/mq) 16.1
Maximum dry unit weightdd max (KN/mq) 18.9
Uniformity coefficient ,G 3.18
curvature coefficient, C 0.93
Cohesion (kPa) 0
Internal friction angleil 370
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Figure 4.10 Triaxial compressiontestresults of the Kansas Rivesand

4.5.2 Wall facing

Facing is a component of the reinforced soil retaining wall system used to prevent the soil
from raveling out between the rows of reinforcement. The wall facing was made with individual
modular concrete blocks, which were prepared byrmutilain concrete blocks available in the
market. Each block was 150 mm long (exposed face length), 50 mm high, 50 mm wide
(dimension perpendicular to the wall face). In practice, block heights range from 100 to 300 mm,
with 200 mm as typical. Block lerfg{exposed face length) usually varies from 200 to 450 mm.
Block width (dimension perpendicular to the wall face) varies from 200 and 600 mm (FHWA,
2009). Considering the scale ratio of 1/3, the block heights should range from 33 to 100 mm,
exposed face fgth should vary from 67 to 150 mm, and the dimension perpendicular to the wall

face should range between 67 to 200 mm. The dimensions of the wall facing units used in this
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study were in the ranges as stated above. Figure 4.11 shows the concrete bibftksthisevall

facing.

Figure 4.11 Concreteblocks used forwall facing

4.5.3 Geosyntheticreinforcement

Puncheedrawn biaxial geogrid (BX) made of polypropylene material was used in the
model tests. Table 3@ esents the properties of the biaxial geogrid used in this study, which
were provided by the manufacturer (Tensar International). Table 4.3 shows that the geogrid had
ultimate tensile strengths of 12.4 kN/m in the machine direction (MD) and 19 kN/m andbs
machine direction (XD). However, in practice, uniaxial geogrids are commonly used in GRR
walls. Thus, in this study, &wreate a configuration of uniaxial geogrid, three ribs of a biaxial
geogrid in the machine direction (transverse ribs) werevethevery four ribs. This
modification was first used by Xiao et al. (2016) and then by Kakrasul et al. (@0d.6)

Rahmaninezhad et al. (2016)
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Puncheedrawn uniaxial geogrids typically have the aperture size in the longitudinal
direction of 300 500 mm.Accounting for the scale ratio of 1/3, the aperture of the model
geogrid in the longitudinal direction should be in the range of 100 to 160 mm. The model
geogrid used in this study had the aperture length of 140 mm, which is within this range. Figure
4.12shows a sample of the geogrid used in this study. To determine the tensile strength of the
geogrid in the crosmachine direction after the removal of some ribs, Xiao et al. (2016)
conducted tensile strength tests with and without removed ribs followilg/AB637. Xiao et
al. (2016) showed that the removal of the transverse ribs reduced the ultimate tensile strength of
the geogrid in the crogmachine direction by 7%. In this study, the crosschine direction of
the biaxial was the same as the longitubahigection of the uniaxial geogrid. Xiao et al. (2016)
found that the tensile strength of the geogrid in the emmsshine direction was 17.6 kN/m after

the removal of partial ribs.

Table 4.3 Geogrid properties

Index properties Units MD Values | XMD Values
Aperture dimensions mm 24 33
Minimum rib thickness mm 0.76 0.76
Tensile strength at 2% strain KN/m 4.1 6.6
Tensile strength at 5% strain KN/m 8.5 13.4
Ultimate tensile strength KN/m 12.4 19.0
Structural Integrity

Junction Efficiency % 93 -
Flexural Stiffness Mg-cm 750,000 -
Aperture Stability m-N/deg 0.65 -

Note: MD stands for the machine direction; XMD stands for the ar@szhine direction.
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The typical tensile strengths of punckadrédwn uniaxialgeogrids used in practice range
from 58 to 210 kN/m (Tensar International, 2012). Based on the results of the scale effect
analysis conducted in this study; the mechanical properties of geosynthetic materials used in the
1-g laboratoryscale models shoulae scaled down bydwhere N is the ratio of the prototype
size (full scale) and the model size (reduced scale). To account for the scale ratio of 1/3, the
tensile strength of the model geogrid should be reduced to 1/9 that of a field geogrid. Thus, the
tensile strength of the model geogrid should be in the range of 6.4 to 23.3 kN/m. The tensile

strength of the model geogrid used in this study (i.e., 17.5 kN/m) was within this range.

Figure 4.12 Geogrid sample used for the pullout test

In addition, to determine soil/reinforcement interface properties for the modified geogrid,
a set of the pullout tests in accordance with ASTM DeFD§2013) were carried out in a large
pullout box in the geotechnical lalawory of the University of Kansas. Weldu et al. (2016)

described the pullout box in detail in their study. A 370 mm wide and 765 mm long geogrid was
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used in the pullout test. Figure 4.13 shows a prepared geogrid sample used in the pullout test.
The pullouttests were conducted under three normal stresses (14.6, 11.8, and 8.4 kPa). Figure
4.14 shows the results of the pullout tests. The pullout resistances at 20 mm displacement of the
modified geogrid under the normal stresses of 14.6, 11.8, and 8.4 ked,5\@r9.4, and 5.6

kN/m, respectively. The friction coefficient at the soil/reinforcement interfaceds calculated

from the following equations:

T— 8 81&

0
T —— 881®
60

where Rax= the maximum pullout load applied on the geogrid;

4

Uhax= the maximum shear stress applied in the geogrid;

A = the area of the geogrid (length x width of the geogrid);
C = the overall reinforcement surface area geometry factor based on the gross perimeter of the
reinforcement (equal to 2 for strip, grid, and skgpe reinforcements);

f = thefriction coefficient at the soil/reinforcement interface;
Oy = the vertical stress applied on the reinforcement.

Based on the test results, the interaction coefficiemeasoil/reinforcement interface was 0.85.
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Figure 4.13 Geogrid sample used for the pullout test
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Figure 4.14 Pullout resistance versuslisplacement of theuniaxial geogrid
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4.6 Model testconstruction

Each model was constructed from the bottom to the top of the wall. The construction of
the model started with placing eck thick layer of Kansas River sand as the foundation and a
concrete block as the levelipgd. Figure 4.15 shows the foundatiorc(b thick sand) and the
leveling pad. The next step was the placement of facing units (concrete blocksyand ek
sand in two layers, followed by the placement of the geogrid and the connection to the facing
units. Figure 4.16 shows the placement of the first layer of facing units while Figure 4.17 shows
the placement of the first layer of sand and geogrid. The geogrid was connected to the facing
units by metal pins, which simulate Mechanical connection by amechl fasteners, such as
bolts, screw or rivets, in the field. Figure 4.17 also shows the metal pins used to connect geogrid
to the facing units.

The sand layers were compacted to the relative density of approximately 70%, using hand
tools. Wooden blockwere placed in front of the facing to support the wall during construction
and removed prior to the application of the load. The same procedures were followed until the
end of construction. Since blocks and sand in the redsad wall were light, theyere easy
to move during the construction. Wooden blocks were therefore used in front of wall facing to
minimize their movement. Figure 4.18 shows the technique of supporting the model wall during
construction. In the field, blocks and fill are relativbkeavy, their movement during
construction is minimum; therefore, no wall facing support is needed. However, a similar
technique is used in practice in case of using concrete panels to temporarily support the facing
units during construction.

For each mdel, five layers of geogrid were placed at 200 mm vertical spacing except for

the B1 model, where the geogrids were placed at 100 mm vertical spacing.
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Figure 4.15 The foundation sand and thelevelingpad
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Figure 4.16 Placement of thefirst layer of thefacing
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Figure 4.18 Supporting blocks for the modelwall during construction

96



In addition, thin and lowstrength gardening sheets were used between the facing units
and the backfill to retain the sand behind the facing and prevent it from flowir{gigure

4.19).

Figure 4.19 Placement of the gardening sheet

Some models (i.e., the C1, C2, C3, and C 4 models) had different geogrid configurations
at the rear. Figure 4.20 shows the bapiwvard configiration of geogrid used in the C3 and C4
models. In these models, the geogrid layers were smoothly curvetlattBéir rear and along
the stable rear face.

The geogrid layers in the C1 and C2 models were connected to the stable rear face. A wooden
strip wasinstalled,and the geogrid was ba®élded and inserted between the wooden strip and
the stable rear face. Subsequently, the geogrid was fixed by the wooden bar usifégnads.

4.21 shows how the geogrid was connected to the stable rear fasslas the C1 and C2

models to simulate the geogrid fixture condition. All models were vertical with adegree

facing batter during the construction.
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Figure 4.21 Connectedgeogrid atrear
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4.7 Testsetup andinstrumentation
Severalktrain gauggype pressure cells of 25 mm in diameter with capacities of 200 to
500 kPa were used to measure the vertical and horizontal eestupes in the models. Figure
4.22 shows the earth pressure cells and their layout at the bottom of a model. A laser tape having
an accuracy of 0.1 mm was used in this study to measure the settlement of the loading plate and

the lateral displacements oktlwall facing.

Figure 4.22 Layout of earth pressurecells

Figure 4.23 shows the laser type used in this study. In addition, two digital cameras were
used to capture the wall deformation and evaluate lpesslip surfaces during loading stages.
Marks on facing units and on the footing loading plate were installed to measure wall
deformations, and footing settlements, respectively. Figure 4.24 shows the displacement targets
installed on the front of a modehile Figure 4.2%hows the camera and displacement targets

installed on the side of a modEigure 4.26 illustrates a typical model cross section with the
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location of the applied load, pressure cells, deformation mark references, and camera bench

marks.

Figure 4.23 Laser tape

Frontview

Figure 4.24 Displacementtargets on thefront of a model
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Sideview

Figure 4.25 Camera anddisplacementtargets on theside of amodel

4.8 Testprocedures andmeasurements

In each model test, a load was applied on the top of the model through the footing (200
mm wide and 450 mm long). The loading system consisted of a hydraulic jack, which was
controlled manually via a check and control valve and a pressure dial gauge. After the
construction of the model wall, initial readings were taken for the instruments prior to the
application of the load. After the application of each load, the load wasaingid until all the
measurements were taken. A data acquisition system (Figure 4.27) connected to a personal
computer was used to measure and record the lateral and vertical earth pressures through the

installed pressure cells during loading. Figure 4[28ns the schematic view of the test setup.
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' Switch boxes

Figure 4.27 Data measuring andrecording system
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Figure 4.28 Schematic view of test setup
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The wall facing deformation and the footing settlement were measured using the laser
tape through the installed marks on the facing units and on the loading plate. A fixeshénch
for the laser tape and a reflected mark on a target object (i.e. a model wall) were required to
attain the desired measurement (i.e., the distance between the laser tape and the reflected mark).
In addition to the benchmarks attached on the wall ga@mumber of fixed benchmarks were
installed at the end of the box along the model height and perpendicular to the benchmarks on
the wall facing (Figure 4.29). The measurements provided by the laser tape were recorded
manually because the laser tape usdtiis study could only store up to four successive
measurements. Tape readings were taken at each loading stage during the test. Furthermore,
photos were taken on either side of the model at each loading stage to capture wall movement,
lateral wall disfacements, and footing settlement during the test using two cameras. Figure 4.29

also shows the locations of the camera and calibration benchmarks.
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Chapter 5 Experimental Model Test Results and Discussions

5.1 Introduction
This chapter presents the results of the laboratory model tests conducted in this study.
The results include (1) wall deformation, (2) footing settlement, and (3) vertical pressure

distribution, and (4)dteral earth pressure distribution.

5.2 Wall deformation
Wall deformation is referred to as the lateral displacement (deformation) of the wall
facing and the internal deformation of a wall model test. The presentation of the wall

deformations is organizdzhsed on their influence parameters considered in this study.

5.2.1 Effect of backfill space

Figure 5.1 shows the measured lateral displacement of the wall facing versus the wall
height (H) under footing loading for the A1 model test. The A1 model test had 0.7H
reinforcement fill width (also reinforcement length) and 0.5H retained fill. The footing offset
distance (the distance from the back of the wall fatarthe nearedge of the footing)owas 0.2
m in the A1 model test. Figure 5.1 shows that the latesplaiiement of the wall facing
increased with an increase of applied load. Most of the displacements occurred above the mid
height of the wall (i.e., from H = 0.5 m to H = 0.9 m). The maximum displacement was 36 mm
(approximately 3.6% of the wall height)tae maximum applied load (i.e., the applied footing

pressure of 225 kPa).
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Figure 5.1 Lateral wall facing displacement versus height for the A model test

Figure 5.2 shows the measured lateral displaceofehe wall facing versus the wall
height under footing loading for the A2nodel test. The A2 model test had 0.7H
reinforcement length and no retained fill. The-W2odel test had the same footing offset
distance as that of the A1 model test (tlee, offset distance was 0.2 m in the-A@&odel test).
Figure 5.2 shows that the lateral displacement of the wall facing increased with an increase of

applied load. Most of the displacements occurred above théargtit of the wall. The
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maximum measuredgplacement was 34 mm (approximately 3.4% of the wall height) at the

maximum applied load (i.e., the applied footing pressure of 225 kPa).
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Figure 5.2 Lateral wall facing displacement versus height for theA2-1 model test

Figure 5.2 shows that the A2nodel test had a slightly smaller maximum lateral
displacement than that of the A1 model test (Figure 5.1) at the maximum applied load. However,

the A2l model test had slightly larger lateral displacememas the A1 model test below the
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height corresponding to the maximum lateral displacement. This slight difference might be due
to the difference in the stress (pressure) distributions in these two model tests. IA thed

test, there was a stable dgnedium behind the reinforced fill that acted as a rigid boundary,
distorting the stress distribution and forcing the fill to move towards the wall facing. In addition,
the maximum lateral displacement of the wall facing occurred at a depth approxiecaialyo

the width of the applied loading plate from the top of the wall.

Figures 5.3 and 5.4 show the internal deformations at the verge of failure for the A1 and
A2-1 model tests, respectively. Figures 5.3 and 5.4 show the movement of the reinforcement
(dotted lines) under loading relative to their original locations (solid yellow lines) and the
movement of the soil as well. The movement of the reinforcement was indicated by the
movement of black sand placed at each layer during construction.

Both figures show that the uppermost reinforcement had obvious vertical deformations
under footing loading, but other reinforcement layers had small vertical deformations. This
result indicates that the influence depth of the footing load was shallower than k. Bhéme
footing width.

Even though the deformed shape and movement of the reinforcement layers were almost
the same in the A1 and A2model tests, the movement of the soil was different in these two
models. In the A2 model test, the stable medium behihd teinforced fill constrained the soll
movement and resulted in shifting of the soil movement and pushing the soil towards the facing

units.
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Figure 5.3 The A1 model test wall on the verge of failure
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Figure 5.4 The A2-1 model test wall on the verge of failure

5.2.2 Effect of reinforcedfill width
Figure 5.5 shows the measured lateral displacement of the wall facing versus the wall
height under footing loading fdhe A2Il model test. The A2l model test had 0.7H

reinforcement length and no retained fill. The-AEnodel test is identical to the APmodel test
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except that the A2 model test had a different footing offset. The footing offset distance was
0.05 min the A2Il model test.

Figure 5.5 shows that the lateral displacement of the wall facing increased approximately
with the same increment with an increase of applied load except for a rapid increase in the
displacement after the footing pressure of RB@ as the maximum applied load was applied.

This figure shows that almost the entire wall facing displaced under the applied load, and the
maximum displacement occurred at the depth of less than the footing width. In addition, the
maximum measured displment was 48 mm (approximately 4.8 % of the wall height) at the
maximum applied pressure of 200 kPa.

Figure 5.6 shows the measured lateral displacement of the wall facing versus the wall
height under footing loading for the ABmodel test. The A3l modd test had 0.5H
reinforcement length and no retained fill. The-ABodel test and the AR model test had the
same footing offset, which was 0.05 m.

Figure 5.6 shows that, same as that in thdlA2odel test, the lateral displacement of the
wall facing in the A3Il model test, increased approximately in the same increment with an
increase of applied load except for the displacement increasing at a greater rate after the footing
pressure of 200 kPa was applied. This figure also shows that the maxinasurete
displacement was 60 mm (approximately 6 % of the wall height) at the maximum applied load
(i.e., the applied footing pressure of 200 kPa), and it occurred at the depth of less than the footing

width.

112



0.9 -
0.8 -
0.7 1
)
= 0.6 1
=
-
z Applied Pressure
,_zm 0.5 (kPa)
= —a— 200
—— 150
04 —100
—=50
03

0.2

l::.].I T T T T T
o 10 20 30 40 0 60 70

Lateral displacement (mm)

Figure 5.5 Lateral wall facing displacement versus height for the &-11 model test

Figures 5.5 and 5.¢how that the A3l model test had slightly larger displacements
along the depth of the wall than those of thelAZiodel test under the applied pseire of 50
kPa up to 150 kPa.hEse figures also shawat the reduction of the reinforcement length from
0.7H (i.e., the A2l model test) to 0.5H (i.e., the AlB model test) resulted in 25% larger
maximum displacement at the maximum applied load @@&mm displacement at 200 kPa) than

that of the A2ll model test (i.e. 48 mm displacement at 200 kPa). In addition, the reduction of
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the reinforcement length from 0.7H to 0.5H increased the overall displacement below the depth
corresponding to the maximulateral displacement under the maximum applied load. This
difference might result from the existence of the rigid boundary at a close distance in the case of

the A31l model test, which changed the stress distribution and forced the soil to move towards

the lower portion of the wall facing.
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Figure 5.6 Lateral wall facing displacement versus height for the B-11 model test

114



Figure 5.7 shows the measured lateral displacement of the wall facing versud the wal
height under footing loading for the A4 model test. The A4 model test had 0.3H reinforcement
length and no retained fill. The A4 model test had the same footing offset distance as that of the

A3-1l and A2Il model tests, which was 0.05 m.
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Figure 5.7 Lateral wall facing displacement versus height for the A model test
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Figure 5.7 shows that the reduction of the reinforcement length from 0.5H (i.e.,-the A3
model test) to 0.3H (i.e., the A4 model testuléed in excessive wall facing displacements. The
maximum displacement in the A4 model test was three times larger than the maximum
displacement in the AB model test under the same applied pressure. For example, the facing
wall in the A4 model test didaced about 18 mm at the applied pressure of 50 kPa, while the A2
Il model test displaced only 6 mm at the same applied pressure. Therefore, the walls with
reinforcement shorter than 0.5H would result in large lateral displacement.

In addition, sudden faire occurred in the A4 model test after a footing pressure of 55
kPa was applied because the reinforcements did not have enough length to provide sufficient
anchorage required for maintaining the stability of the model. Therefore, the wall with
reinforcanent shorter than 0.5H resulted in a significant reduction in the ultimate bearing
capacity of the footing on the wall.

Moreover, the maximum displacement at failure in the A4 model test occurred at the
depth of (13) Hfrom the top of the wall, which wateeper than those for the A2and A3l
model tests. Based on the modified 2:1 stress distribution method (FHWA 2009 and Morrison et
al. 2006), the footing width, and the wall width, the distribution of the vertical pressure was
almost the same from thep to the bottom of the model wall (i.e. the A4 model test).

Figures 5.85.9, and 5.1@how the internal deformations of the-N2A3-Il, and A4
model tests, respectively. These figures show the movements of the reinforcement layers (dotted
lines) undethe maximum applied load relative to their original locations (solid yellow lines),

and the movements of the soil and facing units as well.
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Figure 5.8 The A2-1l model test wall on the verge of failure

Figures 5.8 and 5.9 show that the-A2nd A3-1l model tests had almost the same
influence depth of the footing load, which was approximately two times the footing width. In
addition, the fourth and fifth facing units from the top of bothIA2nd A3-1l model tests
behaved almost the same. The facing units moved away from each other and were forced out of

the wall.
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Figure 5.9 The A3-1l model test wall on the verge of failure

On the other hand, Figure B.tlearly shows that the influence depth of the footing load
in the A4 model test was more than those in thdlA®d A3-1l model tests. The influence depth
of the footing load in the A4 model test was more than 2.5 times the footing width, while the
influence depths of the footing load in the-h2nd A3-Il model tests were approximately 2.0

times the footing width.
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Figure 5.10 The A4 model test wall on the verge of failure

In addition, the A4 model tesad more vertical compression than that in thdlAghd
A3-Il model tests. These differences can be explained using the wall cross sections as shown in
Figure 5.11. When the wall had longer reinforcement (i.e., Figure 5.11(a) and/or (b) as
compared wh Figure 5.11(c)), the applied load was distributed to a wider area so that the

vertical stress decreased with the depth rapidly.
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However, when the wall had shorter reinforcement (i.e., Figure 5.11(c)), the applied load
was distributed to a narrower area so that the vertical steessased with the depth slowly. As
a result, the wall with shorter reinforcement had higher vertical stresses, a deeper influence

depth, and more deformations than that with longer reinforcement.

5.2.3 Effect of footing offset distance

Both A2l and A2Il model tests had the same reinforcement length (i.e., reinforcement
length = 0.7H) but different footing offset distances. The footing offset distance was 0.15 m in
the A2l model test, while it was 0.05 m in the A2nodel test. Figures 5.2 and 5.5 show th
effect of footing offset distance on the lateral wall facing displacement in tHend2lel test and
the A21l model test. Likely, Figures 5.4 and 5.8 show the effect of the footing offset on the wall
deformation.

Figure 5.5 shows that the reductiortloé footing offset distance from 0.2 to 0.05 m
resulted in a substantial increase in the lateral facing displacement under the same applied load.
The maximum measured displacement was approximately 23 mm in themé@el test, while
the maximum measuredsglacement was approximately 48 mm in thelA2hodel test under
the same applied load (i.e. at the applied footing pressure of 200 kPa).

Because of the closer footing offset distance, almost the entire wall facing of-the A2
model test deformed (FiguBe8) under the applied load in the model as compared to that of the
A2-1 model. Figure 5.12(a) shows that when the footing was closer to the wall facing as in the
case of the A2l model test, the applied pressure was distributed over a narrower aré¢@ tiext

wall facing, which resulted in higher pressure on the wall facing and thus larger deformation.
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Figure 5.13 shows the measured lateral displacement of the wall facing versus the wall
height under footing loading for the A3nodel test. The A3 model test had 0.5H
reinforcement length and no retained fill. The-WBodel test is identical to the ABmodel test
except that they had different footing offset distances. The footing offset distance was 0.15 m in

the A3| model test, while it was 0.05 m in the A3model test.
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Figure 5.13 Lateral wall facing displacement versus height for the -1 model test
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Compared with Figure 5.6, Figure 5.13 shows that the increase of the footing offset
distance from 0.05 m to 0.15 m resulted in considerable reduction in the maxateuah flacing
displacement under the maximum applied load in the model. The maximum measured lateral
displacement was approximately 60 mm in thelA®iodel test under the applied footing
pressure of 200 kPa, while the maximum measured displacement wasiagpely 35 mm in
the A3l model test under the applied footing pressure of 230 kPa. However, the overall lateral
facing displacement was almost the same in both model$ §éA8 A3 1l model tests) under the
same applied load. For example, the averagedbfacing displacements (i.e., the displacement
area) were approximately 12.6 mm in the lW8odel and 13.0 mm in the ABmodel under the
applied footing pressure of 150 kPa.

Figure 5.14 shows the deformed test wall in thel AR del test after thepplication of the
maximum applied load. The picture shows the movements of the reinforcement layers (dotted
lines), the facing units, and the soil under loading in this model. This figure shows thatlthe A3
model test had more vertical compression aspaoed with that of the AB model test.In
addition, the influence depth of the footing load in thelA3odel test was more than that in the
A3-Il model test. The influence depth of the footing load in thd A®del test was more than 2.5
times the foahg width, while the influence depth of the footing load in thelA®odel test was
approximately 2.0 times the footing width.

Figure 5.14 shows that nearly the same deformation occurred from the depth of 0.35 to
0.9 m in the A3l wall model, while Figue 5.9 shows that most of the deformation occurred

from the depth of 0.6 to 0.9 m in the A3wall model.
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Figure 5.14 The A3-1 model test wall on the verge of failure

5.2.4 Effect of reinforcementvertical spacing

Figure 5.15 shows the measured lateral displacement of the wall facing versus the wall
height under footing loading for the B1 model test. The B1 model test had 0.3H reinforcement
length and no retained fill. The B1 model test is identical to the ddeirtest except that the B1

model test had closer vertical spacing between the reinforcement layers than the A4 model test.
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The vertical spacing between the reinforcement layers was 0.1 m in the B1 model test. The offset

distance of the footing was 0.05imthe B1 model test.

e

=

L. |

= Applied Pressure

3 (kPa)

= —100
——75
——50

0 10 20 30 40 50 60 V0
Lateral displacement (mm)

Figure 5.15 Lateral wall facing displacement versus height for the B model test
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Compared to the A4 model test (Figure 5.7), the B1 model test had smaller than ¥4 times
the maximunmeasured displacement at the same applied load as shown in Figure 5.15. For
example, the maximum measured displacement in the A4 model test was 18 mm, while the
maximum measured displacement in the B1 model test was only 4 mm under the applied footing
pressure of 50 kPa. The B1 model test had even smaller maximum displacement thail the A2
model test. However, the A2 model test had the overall wall facing displacement two times
(i.e., the average lateral facing displacement was 3.2 mm) smaller tHah thedel test (i.e.,
average lateral facing displacement was 6.0 mm). Figure 5.15 also shows that the maximum
lateral facing displacement occurred approximately &) (/from the top of the wall.

Figure 5.16shows the internal deformations of the B1 mlaést. This figure shows the
movements of the reinforcement layers (dotted lines) under the maximum applied load relative to
their original locations (solid yellow lines) and the movement of the soil. Figure 5.16 shows that
the B1 model test had a simnilshape of lateral deformation to that of the A4 model test. In
addition, the B1 model test had almost the same influence depth of the footing load (i.e., 2.5

times the footing width) as that of the A4 model test.
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Figure 5.16 The B1 model test wall on the verge of failure

5.2.5 Effect of reinforcementrear connection

Figure 5.17 shows the measured lateral displacement of the wall facing versus the wall
height under footing loading for the C1 model test. Tiniglel test had 0.3H reinforcement
length and no retained fill, same as the A4 model test. In the C1 model test, top four

reinforcement layers were mechanically connected to the stable medium at the rear to provide
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sufficient anchorage for the reinforceméyers. This figure shows that the connection of the
reinforcement layers to the stable medium resulted in substantial reduction in the displacement of
the wall facing as compared with that in the A4 model test under the same loading condition. For
exampeg, the maximum measured displacement was only about 4 mm in the C1 model test under
the applied footing pressure of 50 kPa, while the maxirdisgplacement of 18 mm was

measured in the A4 model test under the same applied load. In addition, as comgerédto t

Il model test, the C1 model test even showed better performance by having 25% smaller
maximum lateral displacement under the same applied pressure.

Figure 5.18 shows the measured lateral displacement of the wall facing versus the wall
height undefooting loading for the C2 model test. This model had 0.3H reinforcement length
and no retained fill, same as the C1 model test. In the C2 model test, two uppermost
reinforcement layers were mechanically connected to the stable medium at the rear & provid
sufficient anchorage for the reinforcement layers. This figure shows that even fixing of the two
uppermost reinforcement layers to the stable medium resulted in substantial reduction in the
displacement of the wall facing as compared with that in thenédel test under the same
applied load.

In addition, the C2 model test had even smaller maximum lateral facing displacements
than the C1 model test under the applied footing pressure of 25 kPa to 225 kPa. However, the C2
model test failed suddenly aftdret footing pressure was applied more than 225 kPa.

Figure 5.18 also shows that fixing the uppermost reinforcement layers to the stable wall
as in the C2 model test, resulted in lowering the location of the maximum lateral facing
displacement and changitite shape of the displacement profile, as compared with the C2

model test.
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Figure 5.17 Lateral wall facing displacement versus height for the € model test
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Figure 5.18 Lateral wall facing displacement versus height for the € model test

Figure 5.19 shows the measured lateral displacement of the wall facing under loading in
the C3 model test. This model is identical to the A4 model test except that iB thedel test,
the reinforcement layers were bent upward at the end by 0.2 m along the back of the reinforced
fill (i.e., between the back of the reinforced fill and the stable rigid medium). The C3 model test
showed that upwartdending of the reinforcemelatyers around the back of the reinforced fill

resulted in a significant reduction of the lateral displacement in the model as compared with that
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in the A4 model test under the same applied pressure of 55 kPa. For example, the A4 model test

failed suddenlyinder the applied pressure of 55 kPa; however, the C3 model test displaced only

around 10 mm under the same applied pressure.
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Figure 5.19 Lateral wall facing displacement versus height for the @ model test

Figures 5.17 and 5.18 show that the connection of the reinforcement layers onto the
stable medium was slightly more effective in reducing the lateral displacement of the wall than
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that by upwarebending of the reinforcement layers along the stableume¢é.g., at the applied
pressure of 175 kPa). It should be noted that in this comparison the C1 model was tested to a
higher pressure (i.e., 250 kPa) than the C3 model (i.e., 175 kPa).

Figures 5.20, 5.21, and 5.22 show the deformed test walls in the @1 tast, the C2
model test, and the C3 model test after the application of the maximum load. The pictures show
the movements of the geogrids (dotted lines) and the soil under loading in these three models.
Figures 5.21 and 5.22 show the deformed walstesthe C2 and C3 model tests before and at
the failure.

Figure 5.20shows that the rear connection of the reinforcement in the C1 model test
minimized the downward movement of the reinforcement at the rear even under the maximum
applied load. On the lbér hand, in the C2 and C3 model tests, the reinforcement moved

downward and then was pulled out at the rear.
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Figure 5.20 The C1 model test wall on the verge of failure
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Figure 5.21 The C2 model test (a) before failure and (b) at failure
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Figure 5.22 The C3 model test wall (a) before failure and (b) at failure

Figure 5.23 shows the measured lateral displacement of the wall facing under loading in
the C4 model test. In this model test, the reinforcement layers were bent upward at the end by 0.2
m betweentte back of the reinforced fill and the stable rigid medium. The C4 model test had the

same footing offset distance and reinforcement length as that of thené@3el test.
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Figure 5.23 Lateral wall facing displacement versus height for the @ model test

Figure 5.23 shows that the C4 model test had a larger maximum lateral facing
displacement under the maximum applied pressure of 225 kPa as compared with that df the A3
model test (Figure 5.13) under thexiamum applied pressure of 230 kPa. However, the C4
model test showed that upwabdnding of the reinforcement layers around the back of the

reinforced fill resulted in a considerable reduction of the average lateral displacement as
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compared with that of 8hA3-1 model test at the same applied load. For example, the average
lateral facing displacement of the C4 model test was approximately 6.4 mm at the applied
footing pressure of 150 kPa, while the average lateral facing displacement of kineodl@| test
was 12.30 mm under the same applied load.
Figure 5.24shows the internal deformations of the C4 model test on the verge of failure.
This figure shows the movements of the reinforcement layers (dotted lines) under the maximum
applied load relative to theariginal locations (solid yellow lines) and the movement of the soil.
Figure 5.24alsoshows that upwartiending of the reinforcement layers around the back
of the reinforced fill minimized the downward movements of all reinforcement layers under the
maxmum applied load except for the top layer, which was deformed under the applied load. In
addition, the influence depth of the footing load in the C4 model test was less than that of the

A3-I model test. The influence depth of the footing was 1.5 timefotimg width.
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Figure 5.24 The C4 model test wall on the verge of failure
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5.3 Settlement offooting

This section presents the effects of different parameters on the applied psesdeneent

curvesof the footing in the model wall tests conducted in this study.

5.3.1 Effect of backfill space

Figure 5.25 shows the applied pressseétlement curves of the footing in the Al andIA2
model tests. Both model tests had the same reinforcement length (H¢.afdrfooting offset
distance except that the A2Znodel test had no retained fill. This figure shows that thé A2
model test had a higher ultimate bearing capacity and a smaller settlement than the A1 model

test.
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Figure 5.25 Pressuresettlement curves of the footing in the Aand A2-1 model tests
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5.3.2 Effect of reinforced fill width

Figure 5.5 shows the applied presstsettlement curves of the footing in the-A2A3-
II, and A4 model tests. The A2 model test had 0.7H reinforcement length, thelA®odel test
had 0.5H reinforcement length, and the A4 model test had 0.3H reinforcement length. These
three model tests had the same footing offset distance (i.e., 0.05 m). This figure shows that the
A2-1l and A3Il model tests had almost the same pressatdement curve under the applied
footing pressure up to 150 kPa. However, thellARodel test had smaller footing settlement
after the applied footing pressure was higher than 150 kPa. In other vinerdsgtiction of the
reinforcement length from 0.7H (i.e., the A2nodel test) to 0.5H (i.e., the ABmodel test)
resulted in almost the same footing settlement of the footing under the applied pressure of 150
kPa and lower, but slightly larger footisgttlement of the footing under a higher applied load.
For example, the A2 model test had about 80 mm footing settlement at the applied footing
pressure of 200 kPa, while the A3nodel test had 100 mm settlement at the same applied
pressure, which igbout 25% increase.

Further reduction in the reinforced fill width from 0.5H to 0.3H resulted in excessive
settlement of the footing and a sudden failure of the model test as observed in the A4 model test.
For example, the A4 model test had 60 mm settigraethe applied footing pressure of 50 kPa,

while the A3Il model test had only 20 mm settlement at the same applied pressure.
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Figure 5.26 Pressuresettlement curves of the footing in the &-1I, A 3-Il and A4 model tests

5.3.3 Effect of footing offset distance

Figure 5.Zshows the applied presstsettlement curves of the footing in the-Aand
A2-1l model tests (these two curves are presented together for the comparison purpose). The A2
| model test had aiffierent footing offset distance from the APmodel test. The footing offset
distances were 0.2 and 0.05 m the in thel ABd A21l model tests, respectively.

The pressursettlement curves in Figure 3.8how that the A2l model test had larger
footing settlement than the A2model test and the difference in their settlement values increased
with an increase of the applied load. In other words, the reduction of the footing offset distance
from 0.2 m (i.e., in the A2 model test) to 0.05 m (i.e., the A2l model test) resulted in larger
settlement and lower bearing capacity of the footing. For example, thenadel test had about
51 mm footing settlement at 200 kPa, while thelAZodel test had 81 mm settlement at the
same applied pressure, et is about 50 % increase.
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Figure 5.27 Pressuresettlement curve of the footing in the 2-1 model test

Figure 5.8 shows the applied presstsettlement curves of the footing in the-A8nd
A3-Il modeltests. These two models had the same reinforcement length (i.e., 0.5H reinforcement
length), but different footing offset distances. The footing offset distances were 0.15 and 0.05 m
the in the A3l and A3Il model tests, respectively.

This figure showshat the A3ll model test had smaller footing settlement than thd A3
model test under the applied footing pressure lower than 150 kPa. However;ltheoA8l test
had smaller footing settlement than the-lABhodel test after the application of the fimof
pressure higher than 150 kPa. For example, thérA8del test had about 33 mm footing
settlement at 100 kPa, while the-N3nodel test had about 28 mm settlement at the same
applied pressure, which is about 15% decrease. However, thenA8el teshad about 80 mm
footing settlement at 200 kPa, while the-A3nodel test had 100 mm settlement at the same
applied pressure, which is about 25% increase. Consequently, the reduction of the footing offset
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distance from 0.15 m (i.e., in the A3nodel test}o 0.05 m (i.e., in the AB model test)
resulted in slightly smaller footing settlement of the footing under a relatively low load, but

larger footing settlement of the footing under a high load.
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Figure 5.28 Pressuresettlement curve of the footing in the 8-1 model test

5.3.4 Effect of reinforcementvertical spacing
Figure 5. shows the applied presstsettiement curves of the footing in the B1 model
test and the A4 model test. Both model tests had the sainforcement length (i.e., 0.3H)
except that the B1 model test had different reinforcement vertical spacing (i.e., 0.1 m) from the
A4 model test (i.e., 0.2 m). Both model tests had the same footing offset distance (i.e., 0.05 m).
This figure shows @t the reduction in the vertical spacing of the reinforcement from 0.2
m (i.e., the A4 model test) to 0.1 m (i.e., the B1 model test) resulted in a substantial increase in

the bearing capacity of the footing and reduction in the footing settlement. Faoplexéhe A4
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model test had about 60 mm footing settlement under the applied footing pressure of 50 kPa,

while the B1 model test had only 9 mm settlement at the same applied pressure, which is ?%

reduction.
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Figure 5.29 Pressuresettlement curves of the footing in the B model test

5.3.5 Effect of reinforcementrear connection

Figure 530shows the applied presstsettlement curves of the footing in the C1, C2, and
C3 model tests. These three model tests hadathe seinforcement length (i.e. 0.3H) and
footing offset distance, but different reinforcement rear connection. The C1 model test had four
reinforcement layers out of five connected to the stable medium at the rear. The C2 model test
had the two uppermostinforcement layers connected to the stable medium at the rear. The C3
model test had all the reinforcement layers out five bent up at the rear along the stable medium.
The applied presswgettlement curve of the footing in the A4 model test is presémtids

figure as well for the comparison purpose.

145



Applied Pressure (kPa)

] 50 100 150 200 250 300
|::| Il Il Il

40

&0

Footing Settlement (mm)

80

100

——C] =-C2 ——C3 —Ad4

Figure 5.30 Pressuresettlement curves of the footing in the €, C2, and C3 model tests

Figure 530 demonstrates that the connection of the reinforcétagars to the stable
medium resulted in a considerable reduction in the footing settlement, and significant increase of
the bearing capacity of the footing in the C1 and C2 model tests. For example, at the applied
footing pressure of 50 kPa, the C1 arir@odel tests had only 10 mm footing settlement, while
the A4 model test had almost 58 mm footing settlement at the same applied pressure.3gure 5.
also shows that upwaitazending of the reinforcement at the end of the reinforced fill in the C3
model tessubstantially reduced the footing settlement as compared with the A4 model test. The
C3 model test had similar behavior to the C1 model test up to the applied footing pressure of
approximately 180 kPa. In addition, the connection of the reinforceagnslto the stable

medium increased the ultimate bearing capacity by 500% as compared with that of the A4 model
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test. Upwarebending of the reinforcement at the end of the reinforced fill increased the bearing
capacity by approximately four times as comgobwith that of the A4 model test.

Figure 5.3 shows the applied presstsettlement curves of the footing in the-A8nd
C4 model tests. These two models had 0.5H reinforcement length and the same footing offset
distance (i.e. 0.25 m). However, the @ddel test had four reinforcement layers out of five bent
up at the rear along the stable medium.

This figure shows that the AlBand C4 model tests had almost the same pressure
settlement curves under relatively low applied pressure (i.e., the apyoiathfpressure lower
than 75 kPa). However, the C4 model test showed that ugvesuding of the reinforcement at
the end of the reinforced fill substantially increased the bearing capacity of the footing and
significantly reduced the footing settlementampared with that of the ABmodel test. For
example, the A3 model test had about 81 mm footing settlement under the applied footing
pressure of 200 kPa, while the C4 model test had 52 mm footing settlement under the same

applied pressure, which is meothat 50% reduction.
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Figure 5.31 Pressuresettlement curve of the footing in the 8- and C4 model tests
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5.4 Vertical earth pressure

This section presents the measured vertical earth pressuresnodbaktests conducted in
this study. The vertical earth pressures were meashetolw the centerline of the footing along
the depthn all the model test$:or the comparison purpose, the vertical earth pressure
distribution based on the 2:1 stress disttion method (FHWA 2009 and Morrison et al. 2006)

as shown in Figure 523vas also calculated and is presented in this section.

Zy
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Figure 5.32 Modified 2:1 stress distribution method (after FHWA 2009 and Marison et al.
2006)

In this method, the vertical pressure resulting from the applied footing load is assumed to
distribute uniformly on an area bounded by 2(V):L¢dn be estimated by dividing the applied

footing load by D1 (Equation 5.1). Using Equat{®nl) and Figure 5.31, the vertical pressures
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were calculated for various applied footiegds andare plotted along with the measured

vertical earth pressures presented in this section.

M Deéeééé.. (5.1)

The term 2:1 used in the figures shown in this section is referred to as the 2:1 stress
distribution method used by Morrison et al. (2006) and adopted by FHWA (2009).

Figure 5.3 shows the distribution of the measuremitical earth pressure versus depth under
footing loading for the A2 model test and the AR model test. Both model tests had 0.7H
reinforcement length, but different footing offset distances (i.e., the footing offset distances were
0.2 m in the A2 model test and 0.05 m in the APmodel test).

The figures show that the measured vertical earth pressures in-irend 2211 model
tests increased with the increase of the applied footing pressure. In addition, the distributions of
the measured verticabrth pressures had similar trends in both models for all the applied footing
pressures. Figure 8@) shows that the measured vertical earth pressures in tHana2lel test
agreed well with the vertical pressures calculated based on the 2:1 metbodh&ywgh there is
a fair agreement between the measured and calculated vertical earth pressures-imbdel2
test in Figure 5.3(a), the vertical earth pressures measured within the bottom portion of the wall
(i.e., at the depths of 0.9 and 1.0 myeviower than those calculated at the same depths.

The terms TEST and 2:1 used in the legends of the figures presented in this chapter are
referred as to the data measured from the experiments tests, and the data calculated based on 2:1

distribution methodEquation (5.1))
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Figure 5.33 Vertical earth pressure distributions versus depth for (a) the A2 model test
and (b) the A21l model test

Figure 5.32 also shows that the pressure cells in thié Adel test measured higher
vertical pressures than those in thelABodel test. For example, the measured vertical earth
pressure at the depth oR0m in the A2ll model test was approximately 77 kPa under the
applied footing pressure of 150 kPa, whildhe A2l model test, the measured vertical earth
pressure at the same depth was approximately 50 kPa under the same applied footing pressure.

These differences are due to the different footing offset distances for the two models. As

151



illustrated in Figuré.14 (a), when the footing was close to the facing wall (i.e., in the case of the
A2-1l model test), the applied load was distributed to a narrower area and hence higher vertical
stresses at the same the depth.

Figure 5.3 shows the distribution of thmeasured vertical earth pressure and the vertical
pressures calculated based on the 2:1 method versus depth under footing loading fdrahe A3
the A31l model test. Both model tests had 0.5H reinforcement length, but different footing offset
distancesThe footing offset distances werdBm in the A3l model test, and 05 m in the A3
Il model test.

Figure 5.3 shows that the measured vertical earth pressures increased with the increase
of the applied footing pressure and had the similar trenddl ttveaapplied footing pressures in
both the A3l and A3I1l model tests). This figure also shows that the measured vertical earth
pressures at the depths of 0.1 m and 0.3 m in them@&el test in Figure 543(a) matched well
those calculated at the sadepths. However, the vertical earth pressures measured below the
depth of 0.3 m are lower than those calculated at the same depth.

In addition, like the Al model test in Figure 52Z&b), the vertical earth pressures
measured in the AB model test werdigher than those in the A2nodel test at the same depth
and under the same applied footing pressure. These differences are also because of the different
footing offset distances in the two models, which adversely affected the pressure distribution
with the depth of the walls. Figure 5.¢) illustrates the effect of the footing offset distance on

the pressure distribution in the models that had 0.5H reinforced fill width.
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Figure 5.34 Vertical earth pressure distributions versus depth for (a) the A3 model test
and (b) the A31l model test
Figures 5.8 and 5.8 show the distributions of the measured vertical earth pressure
versus depth under footing loading for the A4 model test and the B1 restiéBoth models had
the same reinforcement length (i.e., 0.3H) and footing offset distance Q%emp.However, the
B1 model test had smaller vertical spacing between the reinforcement layers (i.e., 0.1 m) than
that of the A4 model test. The calculdteertical pressures from the 2:1 distribution method are

also shown in these figures.
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Figure 5.35 Vertical earth pressure distribution versus depth for the A model test

Figure 5.3 shows that at the Vo applied footing pressure (i.e., 12 kPa), the 2:1 method
appears to provide a reasonable estimate of the vertical earth pressures along the depth of the
model. However, at the higher applied pressure (i.e., 55 kPa), the 2:1 method appears to
overestimatehe vertical pressure in the model, especially for the depth deeper than 0.3 m.

Similar to the A4 model test, the measured vertical earth pressures in the B1 model test

are lower than the vertical pressures calculated based on the 2:1 method.
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Figure 5.36 Vertical earth pressure distribution versus depth for the BL model test

The differences between the measured and calculated vertical earth pressures may be due
to two main reasons. First, the 2:1 presslis&ribution method (Figure 523is applicable to a
footing on a hakspace level ground. In this study, the footing width (i.e., 0.2 m) was close to the
model width (i.e., 0.3 m). As a result, the distribution of the vertical pressure is almost the same
from the top to the bottom of the model wall (i.e., the vertical earth pressure does not decrease
with depth) as illustrated in Figure 5.11(c). Second, the effect of the side wall friction is not
considered in the 2:1 distribution method. The side frmicgjenerates shear stresses along the

wall facing and the stable medium and hence reduce the vertical pressure with depth.
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Figure 5.3 shows the measured vertical earth pressure versus depth under the applied
footing load for the C1 model test and the C@del test. Both models had the same
reinforcement length (0.3H). In these models, however, four reinforcement layers in the C1

model test and two top layers in the C2 model test were mechanically connected to the stable

medium.
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Figure 5.37 Vertical earth pressure distribution versus depth for (a) the C1 model test and
(b) the C2 model test
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Figure 5.3 shows that both models had similar trend of the measured vertical earth
pressure distributions under afpplied footing pressures, in which the measured vertical earth
pressures increased with the increase of the applied footing pressure. This figure also shows that,
except for the vertical earth pressures measured at the top (i.e., at the depth off@9 m), t
measured vertical earth pressures are lower than those calculated using the 2:1 distribution
method. This conclusion is consistent with the conclusion from the A4 and B1 model tests. Both
conclusions make the 2:1 method questionable for limited fitespaalls, especially, when the
wall width is less than 0.5H.

Figure 5.8 shows the distribution of the measured vertical earth pressure and the vertical
pressure calculated based on the 2:1 method versus depth under the applied footing load in the
C3 modelest. This model had 0.3H reinforcement length, in which the reinforcement layers
were bent upward at the end by 0.2 m between the back of the reinforced fill and the stable
medium. Like other models (e.g., the A4, B1, C1, and C2 model tests), the resstical
earth pressures in the C3 model test were lower than the vertical pressures calculated by the 2:1
distribution method.

Figure 5.3 shows the distribution of the measured vertical earth pressure versus depth
under the applied footing load in tl& model test. This model had 0.5H reinforcement length,
in which the reinforcement layers were bent upward at the end by 0.2 m between the back of the
reinforced fill and the stable retained medium. This figure shows that the measured vertical earth
pressires increased with the increase of the applied footing pressure, which is similar to that in
the A3| model test. Both the C4 and A3nodel tests had the same reinforced fill width and

footing offset distance.

157



Wertical Earth Pressure(kPa)
0 50 100 150 200 2350

D / i 1
0.1
024 ¢
0341 0%A A
— BN
€ K
i "
= 044 '@ &
Ty I
a] ;
0.5 1 Q A
| |
[ J
b Applied
0.6 - ': f- 2 Pressure
¥ (<Pa)
074118 4 --8--TEST_30
i
' l.' --k=--TEST 100
I
084 ¢ 4 —e—2:1_30
[ ]
:',' —&—2:1_100
0o ke 4
-'.-'
]
1 gh——i

Figure 5.38 Vertical earth pressure distribution versus depth for the G model test

Figure 5.3 shows a very good agreement between the measured and the calculated
vertical earth pressures at the wall depth of 0.3 m. However, the measured gartical
pressures are lower than those calculated by the 2:1 method below the depth of 0.3 m. In

addition, their differences became more with depth. This conclusion is consistent with the

conclusion from the A3 model test.
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Figure 5.39 Vertical earth pressure distribution versus depth for the Gl model test
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5.5 Lateral earth pressure

This section presents the measured lateral earth pressures on the wall facing in the model
tests conducted in this studyor the comparison purpose, the lateral earth pressures were
calculated based on the existing analytical methods and are presented in this section. These
analytical methods include: (1) the Rankine theory for an active condition and (2) the equation
develped based on Janssenods arching theory.

Based on the Rankine theory for the active condition, the lateral earth pressure at a
desired depth is equal to the coefficient of active lateral earth pressure times the vertical pressure
at the same depth. The cheknt of lateral earth pressure based on the Rankine active condition
was calculated using Equation (5.2), and the 2:1 distribution method (Figure 5.32) was used to
calculate the vertical pressure at a desired depth. The lateral pressures on thengalieiac

then calculated and plotted for various applied footing loads using Equation (5.3).

E ——666666 (5.2)

where:
kar) is the coefficient of active lateral earth pressure,
¢ is the internal friction angle of the backfill material (i&e5 37° was used based on the

trixial test),
Uhr=kam* hé 66 éeeé (5. 3)
where:
ljh(R) is the lateragarth pressure on the wall facjng
Kar)is the coefficient of active lateral earth pressure from Equation (5.2),
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CIV is the verticakhpplied pressure calculated based on the 2:1 distribution method using

Equation (5.1).
Equation (5.4), whicvas deri ved based on Janssenods ar

2017), was also used to calculate the coefficient of lateral earth pressure:

E — p A -OAT ¢e¢é¢.. (5. 4)

where:

ks is the coefficient of lateral earth pressurederibe@ls ed on Janssends ar

B is the backfill width,

Z is the depth from the top of the wall,

H is the wall height,

O is the friction angle between the backfi
(assumed equal in this study),

K is the lateral earth pressure coefficient, which was calcualted uisng Equation (5.5)

(Frydman and Keissar 1987):

where:
¢ is the internal friction magle of the backfill material (i.e¢, = 37°was used based on the
trixial test).

The lateral earth pressure on the facing wall was calculated using Equation (5.6):
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Ongy=k;* Ovéé6é6é6é6éé (5.6)
where

Clh(J) is the laterakarth pressure on the wall facjng

ksis the coefficient of lateral earth pressure from Equation (5.4),
lc:l\, is the verticabpplied pressure calculated based on the 2:1 distribution method using

Equation (5.1).

Since Equation (5.4) requires the interface friction anglpdtween the bowaries (wall
facing and the stable wall) and the backfill to be knaivn, =° was Gissumed for the
calcualtions.

Figure 540 compares the measured lateral earth pressures under the footing load for the
A2-1 and A21l model tests. Both model tests had saminforcement length, but different
footing offset distances. The footing offset distances were 0.3 m in then&del test, and 0.15
minthe A2l I model test. The calculated | ateral ea
pressure theoryusiigquat i on (5. 3) and Janssenb6és arching
plotted in the following figures. Note: the symbols, R_2:1 and J_2:1, used in the following
figures are referred to as the | at ethpaebsurer es s u
theory and Janssenébés arching theory, respecti
2:1 distribution method.

These figures show that the measured lateral earth pressures generally increased with the
increase of the applied fang load. In addition, the measured pressures of both tHeaAd A2

Il model tests show the similar trends under all the applied footing loads.
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Figure 5.40 Lateral earth pressure distribution versus deph for (a) the A2-I model test and
(b) the A2-1l model test
However, the pressure cells in the-A2nodel test recorded higher lateral earth pressures
than those in the AEmodel test. For example, the measured lateral earth pressures at the depth
of 0.2 and 0.3 m in the AR model test were approximately 17 kPa and 8 kPa, respectively,
under the applied footing pressure of 100 kPa, while in thérAddel test, the measured lateral

earth pressures at the same depths were approximately 13 kPa anch8éiPthe same applied
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footing pressure. These differences are due to the differences in the footing offset for the two
models. As illustrated in Figure 5.14 (a), when the footing was close to the wall facing (i.e. in the
case of the A2l model test), thepplied load was distributed to a narrower area, resulting in
higher vertical pressure and hence higher lateral pressure.

Figure 540 also shows that the lateral pressures calculated based on Equations (5.3) and
(5.6) are almost the same. In addition, theasured lateral earth pressures matched well the
calculated lateral pressures at the depth of Oir2 case of A2ll model test Even at the depth of
0.4 m there is a fair agreement between the measured and the calculated earth pressures. However,
the masured lateral earth pressures for the pressure cells at the lower elevation (i.e., at the depth
lower than 0.4 m) are lower than the calculated earth pressures at the same depth.

Figure 5.4 compares the measured lateral earth pressures under the foatifay the
A3-l and A31l model tests. Both model tests had 0.5H reinforcement length, but different
footing offset distances. The footing offset distances were 0.25 m in thendgel test, and
0.15m in the A3l model test. This figure also compatée lateral pressures calculated based
on Rankinebs active condition using Equation
(5.6).

Figure 5.4 shows that the measured lateral earth pressures increased with the increase of
the applied footing ladwith similar trends under all the applied footing loads in both thé A3
model test and the AB model test. Figure 5Malso shows that the measured lateral earth
pressures matched well the calculated lateral earth presSxoent the lateral earthrgssures
measured at the depth 0.f 0.2m in case of Atbdel test were higher than the calculated lateral
earth pressuregigure 5.41 also shows thie earth pressures calculated based on Equations

(5.3) and (5.6) are almost the same exceptthatthecal at ed earth pressures
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equation (i .e., J_2:1 lines) are slightly
R_2:1 lines) at the depth of 0.8 m and lower.
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Figure 5.41 Lateral earth pressure distribution versus depth for (a) the A3 model test and
(b) the A3-1l model test

Like the A2-Il model test in Figure 5.4(b), the pressure cells in the ABmodel test

recorded higher lateral earth pressures than those in thendgd test at the same depth and
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under the same applied footing load. The differences are also because of their differences in the
footing offset distance in the two models, which adversely affected the pressure distribution
along the depth of the walls. Figub.14 (b) illustrates the effect of the footing offset distance on
pressure distribution in the models with 0.5H reinforced fill width.

Figures 5.2 and 5.8 show the measured lateral earth pressures versus depth under the
footing load for the A4 and B1 odlel tests, respectively. Both models had the same
reinforcement length and footing offset distance, but the B1 model test had smaller vertical
spacing of the reinforcement layers. The lateral earth pressures calculated based on Equations
(5.3) and (5.6) & also shown in these figures.

Figure 5.2 shows that at low applied footing pressure (i.e., 12 kPa) the measured lateral
earth pressures matched well the calculated earth pressures. At the higher applied pressure (i.e.,
55 kPa), the measured lateraltegrressures did not match well the calculated earth pressures,
especially compared to the lateral pressures calculated based on the Rankine active condition.
However, Figure 53shows that the measured lateral earth pressures in the B1 model test
matchedwell the calculated lateral pressures based on Equation (5.6).

In addition, Figures 52land 5.8 show that the lateral pressures calculated based on

Equation (5.6) are lower than those calculated based on Equation (5.3).
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Figure 5.42 Lateral earth pressure distribution versus depth for the A model test
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Figure 5.43 Lateral earth pressure distribution versus depth for the BL model test

Figure 5.4l compaes the measured lateral earth pressures under the footing load for the
C1 model test and the C2 model test. Both models had the same reinforcement length (0.3H). In
these models, four reinforcement layers in the C1 model test, and two uppermost lteE2n
model test were mechanically connected to the stable medium. This figure also compares the
lateral pressures calculated using Equations (5.3) and (5.6).

The measured lateral earth pressures generally increased with the increase of the applied

footing load. However, the pressure cells located at the depths of 0.6 and 0.8 m in the C1 model
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test behaved somewhat differently. Similar behavior was observed and reported by Morrison et
al. (2006) for a fullscale wall field test. The wall had reinforcenseobnnected to a stable face

and a geometry proportional to the C1 model test.
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Figure 5.44 Lateral earth pressure distribution versus depth for (a) the C1 model test and
(b) the C2 model test

Figure 5.4 shows the measured lateral earth pressure and the lateral pressures calculated

using Equations (5.3) and (5.6) versus depth under the applied footing load in the C3 model test.
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This model had 0.3H reinforcement length, in which the reinforcement layezseetr upward
at the end by 0.2 m between the back of the reinforced fill and the stable medium.

This figure shows that the measured lateral earth pressures increased with the increase of
the applied footing load. The measured lateral earth pressures@8tmodel test were lower
than and approximately parallel to the calculated lateral pressures. This finding is consistent with
those for the measured lateral earth pressures wiltee models, such as the A4, B1, C1, and

C2 model tests.
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Figure 5.45 Lateral earth pressure distribution versus depth for the G model test
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Figure 5.4 shows the measured lateral earth pressures for the C4 model test under the
applied footing load. The model had 0.5H reinéanent length, in which four reinforcement
layers out five were bent up at the rear along the stable medium. The lateral earth pressures
calculated based on Equations (5.3) and (5.6) and the 2:1 distribution method, are also shown in

the figure.
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Figure 5.46 Lateral earth pressure distribution versus depth for the Gl model test
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Figure 5.4 presents that the measured lateral earth pressures generally increased with the
increase of the applied footing load.dddition, the measured lateral earth pressures matched
well the calculated lateral pressures. This result is consistent with the result of ithecd8|
test in Figure 5.2 (a). The C4 model test had the same footing offset distance as that ofthe A3
model test.

To conclude,iemeasured lateral earth pressures for the all models with 0.3H reinforced
fill width (e.g., the A4, B1, C1, C2, and C3 model tests), are lower than those calculated based
on Rankinebs active conandsemdédsusamghiEma atth eanr \
(5.6). In addition, the lateral pressures calculated using Equation (5.6) are lower than those
calculated using Equation (5.6) for all the considered footing loads. Therefore, the coefficient of
lateral earth pressu(K) at a given depth was calculated and plotted to compare with the
coefficient of | ateral earth pressure calcul a

Equation (5.2) and a n s sgeaiidn sising Equation (5.4). K is defined as the ratio of the

measured lateral earth pressuti) to the calculated vertical pressure using the 2:1 distribution

method {y), which is K =0nm /Cy. Figure 5.4 shows the variation of lateral earth pressure

coefficient based on the measured dat and( K) , R
Janssenbdés arching theory using Equation (5. 4)
The terms TEST_50 _C1, TEST 50 TEST 50 @ and so on are referred to as the
data calculated under the applied footing load of 50f&Pthe C1, C2, an@€3, respectively.
This figure shows that the lateral earth pressure coefficients calculated based on the
measured data are lower than those calculated based on Equations (5.2) and (5.4) under all the

applied footing pressures. In other words, the existiadyinal methods may overestimate the
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lateral earth pressure induced by footing loading for the walls with reinforcement width less than

0.5H.
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Figure 5.47 Variations of lateral earth pressure coefficientversus depth for the C1, C2 and
C3 model tests
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Chapter 6 Numerical Simulation

6.1 Introduction

This chapter describes the selection and calibration of the parameters used in the numerical
models to simulate the experimental models conducted in the current stugharadiesters
include the material properties (e.g. backfill soil, facing units, and geosynthetic reinforcement)
and the interfaces properties (e.g. interface between facing unit (block) and block, interface
between block and backfill soil, and interfacevsn backfill soil and geosynthetic
reinforcement)Figure 6.1 shows the material and interface parameters required for numerical

analysis of geosynthetic reinforced retaining (GRR) walls.

Intexfac:a_____j.—u Soil (Reinforced Fill)

between
units

Remnforcement (geosynthetic)

Interface
between |
gotl and

umnts Interface betwesn soil and reinforcement

Pl R

=
Reatined Soil

Figure 6.1 Typical parameters used in numerical simulations of a GRR walls
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In addition, the experimental findings were verified using the numerical simulations and
the results were also presented in this chapter.

Fast Lagrangian Analytical of Continua (FLAC), a tdionersional (2D) finite difference
program, i.e., FLAC2D Version 8.0, was used in this study. This program uses an explicit finite
difference method to solve problems with initial and boundary conditions. The program supports
several constitutive models, strurdl elements, and interface properties to model various

geotechnical materials and structures (e.g., geosyntieatforced retaining walls).

6.2 Parameters fornumerical smulation

FLAC 2D Version 8.0 was employed to perform numerical simulation of @GRR
models with limited fill space. This section presents the parameter selection and model
calibration performed to estimate the properties of the reinforced fill material and geosynthetic

reinforcement used in the experimental model tests, andesgibrcement interaction.

6.2.1 Material properties

Reinforcedfill

In this study, the Moh€Coulomb (MC) model was used to simulate the behavior of the
backfill soil in FLAC. The model (MC) is linearly elastic and perfectly plastic with an MC
failure criterion.A few researchers usdthe MC modelin numericalmodelingof GRR
walls andshowed thathe MCmodelhadcapabilitieso reasonablgimulatethebehaviorof soil
in GRR walls (e.g.L.eshchinsky et al. 2004; Yang and Liu 206/&n and Leshchinsky 2010;
Huanget al. 2011Damians et al. 2014u et al. 2016; Jiang 20L6Figure 6.2 shows the

stressstrainrelationshipof theMC model This figure shows thdhe stresdinearlyincreases
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with strainandfailure occurswhenthe stressreachesa shear strengths(), and then the soil

behavior becomes perfectly plastic. The yield stcassbe determined usifgguation (6.1),

basedon theMC failure criterionas shown irFigure6.3.

~
z

A A ,x:200&xeééééééé (6. 1)
where

{0y is the shear strength tife soil,

cis thecohesion of the soill,

U'c is the effedive confining stress applied on the soil, and

f i is theeffedive friction angle of the soil.

Shear strength (G",)

Deviatro stress (0'y)

E : Young's modulus

k4

Strain (g)

Figure 6.2 Stressstrain relationship for the Mohr-Coulomb model
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Shear strength (¢’ )

]
o
W

Confining stress (o', )

Figure 6.3 The MC failure criterion

The parameters of the Mefroulomb model required for numerical simulation are: the
friction angle («¢6), cohesionE)(,c6adnd dRdiagd como ¢
( 3) of Tabld6e2 pesentd the parameters used in the MC model for the soil in this study.

The unitweighfo) was determined from the average uni
triaxial tests. Yuwnedfrprd the imtial dlapé af the stvestssin d e t e
relationship of the soil. Poissonbds ratio wa
backfill soil was determined from the results of the triaxial tests conducted at three confining

stresses of 38, 68.9, and 103.4 kPa. Considering a plane strain condition, the friction angle of

the soil was converted to the friction angle in a plane strain condition fs#ig12f, (Kulhway
and Mayne 1990Wwheref is the friction angle from plane strain coragsion tests anfjisthe

friction anglefrom triaxial compressiortests.
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Figures 6.4 compares the strasmin relationship of the backfill material computed by
the numerical simulation with that obtained from the triaxial tests. This figure shows a good
agreement between the results of the migaksimulation and those of the triaxial tests. This

comparison demonstrates the capability of the MC model to simulate the behavior of the

Table 6.1 Parameters of the MohrCoulomb model for the backfill soil

Parameters Value
o ( KN/ m 17.5
E (MPa) 23
3 0.25
£, () 40.7
Y 0
c' (kPa) 0

backfill material used in this study.

Deviator stress (kPa)

Ll N

- -n - -N- .

==k=' 345kPa TEST
--®- 689 kPa TEST
--e-- 1033 kPa TEST
—u— 345 kPa Num
— = 689kPa Num
1033 kPa Num

T T T T T T T T T T
0 1 2 3 4 5 ] 7 8 9 10 11
Axial strain (%)
Figure 6.4 Stressstrain relationship of the backfill soil
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Geosynthetiageinforcement

A structural element named strip element, which was especially desagribd
simulation of reinforcement in reinforced retaining walls (Itasca 2@l&9,used in this study.
Strip elements mresent thin reinforcing strips placedayers within a backfill soil to provide
structural support (Itasca 2017 he strip element can yield in tensioncompression butannot
sustain a bending moment. The strip element was modeled as a lineaidypeldsctly plastic
material. Table 6.2 presents the parameters of the geosynthetic reinforcement used in the
numerical simulation in this study, which were based on the data provided by the manufacturer

unless mentioned.

Table 6.2 Parameters of geosynthetic in numerical simulation

Parameter Value
Secant stiffness @ 2%, J (kN/m) 435
Yield strength (kN/m) 17.6*
Tensile failure strain (%) 10

*(Xiao et al. 2016)

Facing units

The facing blocks were modeled alineae | asti ¢ material . Their t
modul us and Poissondés ratio as 20 GPa and 0.2
of blocks was 23 kN/f which was based on the weight of four blocks divided by their volume.

The parametsrof the facing units are provided in Table 6.3.
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Table 6.3 Parameters of facing units in numerical simulation

Parameter Value
9 (KN/m3) 23
E (GPa) 20
3 (Poissonoés 0.2

6.2.2 Interface properties

Interface parameters between two dissimilar materials (e.g., soil and reinforcement, soll
and facing blocks, and block and block) play a vital role in the performance of the GRR walls
and the results of the numerical simulation. All these interfaces werdadadéh linearly
elastic perfectly plastic constitutive laws with the MC failure criterion. Figure 6.5 shows the
mechanics of an interface. Figure 6.5(a) shows a typical shearrgtissge displacement
relationship of the interface while Figure 6.5¢bpws the MC failure criterion of the interface.
These figures show that the shear stress linearly increases with an increase in the relative
displacement until it reaches the maximum shear stress and the interface starts to fail. The
maximum shear stresiepends on the effective normal stress, the friction angle of the interface,
and the interface cohesion. Equation (6. 2) gives the formula to calculate the maximum shear

stress, which is based on the MC failure criterion as shown in Figure 6.5 (b):

Z A L0 O&eé ééé (6. 2)
where
Uhaxis the maximum interface shear stress,

ci is the interface&ohesion,
Unis the effective normal stress, and

€ iGs the interface friction angle.
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Figure 6.5 Mechanics of an interface: (a) the shear streg®lative displacement relationship
for an interface and (b) the MC failure criterion for an interface

The details of the properties for different interfaces used in the numerical simsilatio

conducted in this study are presented below.

Interface between reinforcement and backfill

A 2D numerical model was developed to simulate the pullout tests described in
Chapter four and calibrate the interface properties between the reinforcemerd backil
soil. In the numerical simulation, the backfill soil was modeled as a linearly elastic perfectly
plastic material with the MC failure criterion. Table 6.1 presents the properties used for the
backfill soil in this model.

A strip element was used simulate the reinforcement in the numerical simulation,

which requires several parameters including the interface parameters between reinforcement
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and soil, such as friction angle of the interface, interface cohesiomesgddrcement shear
stiffnessinterface, andhitial and minimum apparent friction coefficient
Table 6.2 presents the properties used for the strip element. The interface properties between

the reinforcement and the backfill soil are summarized in Table 6.4.

Table 6.4 Parameters of the reinforcementsoil interface in the numerical model

Parameters Value
Interface cohesion,iGkN/m?) 0.0
Friction angill® o 32
Shear stiffness,sKMN/m/m) 10
Initial apparent friction coefficient 0.8
Min. apparent friction coefficient 0.8

The pullout force and displacement relationships for the reinforcement in the soil
computed byhe numerical simulation and from tests are presented in Figure 6.6. Both the
numerical simulation and the experimental tests show that the pullout force increased with an
increase in the normal pressure. Figure 6.6 shows that the numerical results raiéy germe
fair agreement with those from the experimental tests. The differences between the test results

and the numerical results are more obvious under the higher normal pressure kPa).

182



16

[y
[t

]

Pullout force (KIN/m)

30

Displacement (mm)
Applied normal stress (kPa))

=== 10_TEST --8- 7 TEST ~~®=" 313 TEST
—r— 10 _Num —8— 7 _Num —_— ]

Figure 6.6 Numerical and experimental results of the pullout tests

Interfaces between facing blocks and between backfill and block

An interface was created to simulate the interaction between facing units, which were
stacked on each other in the model torfohe wall facingEach block was 50 mm high and 150
mm wide (nominal). In a plane strain condition, only the interface between the top face of a
block and the bottom face of another one was considered. The effect of interaction between side
faces of blaks was neglected.

An interface between the blocks and the backfill soil was also created to simulate the
interaction between these two materials. Table 6.6 presents the properties of the interfaces
between the facing units and between the facing undgtee backfill soil. Hatami and

Bathurst (2006) reported a%iiterface friction angle between the facing units, which was
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also used in this study. Xiao et al. (2016) used 75 kPa cohesion between the facing units for
the mechanical connection system. (ilee connection between the reinforcement and the
block), which was used in this study as well.

The friction angle of interface between the backfill soil and the facing units was
assumed as 2/3 of the internal friction angle of the backfill soil.
The nomal and shear stiffness of the interfaces between the facing blocks and between facing
blocks and the backfill soil were determined from the model calibration presented in section
6.4.

Table 6.5 Interface properties between block and block, and soil and block

Parameter Value
Block-Block Soil-Block
Frictiof) angl e 57 26
Dil atiof) angl e 0 0
Cohesion c (kPa) 75 0
Normal stiffness K(MN/m/m)) * 1000 100
Shear stiffness KMN/m/m)) * 100 10

*determined based on the model calibration described in section 6.4.
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6.3 Numerical smulation of modelwall tests
The numerical model was first calibrated using the results of one model test and then
verified by other model test results. This satuiescribes the geometry and the construction

of the numerical model.

6.3.1 Geometry of model

The numerical software, FLAC 2D 8.0, was used to simulate six model tesktsA242I,
A3-Il, A4, B1, and C1 model tests. TAR-I and A2Il model tests had the samall width (i.e.,
0.7H reinforcement length), no retained fill, but different footing offset distances. Thie A3
model test had 0.5H reinforcement length, no retained fill. The A4, B1 and C1 model tests had
the same wall width (i.e., 0.3H reinforceméarigth), no retained fill, but different reinforcement
configurations. All the simulated model tests had the footing offset distance of 0.05 m except for
the A2l model test, which had 0.2 m footing offset distamtgure 6.7 shows the configuration
of the numerical model used to simulate thelA®all model test by calibrating the parameters.
This figureshows the geometry, boundary conditions, interfaces, and loading condition of the
model. The details of the geometries of all the model tests are @ seChapter four

Since the model tests were conducted under a plane strain condition, 2D numerical
models were developed instead of 3D numerical models. The numerical models consisted of
reinforced fill, reinforcement, facing units, stable rigid mediamd foundation. The
interaction between backfill soil and reinforcement, backfill soil and facing units, and facing
units were also considered in the numerical models as shown in Figure 6.7. No interface

between backfill soil and the stable rigid mediwas considered. Morrison et al. (2006)
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reported that the model with smooth interface between the shoring wall and the backfill soil

behaved similarly as the model with rough interface.
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Figure 6.7 Geometry of the A3-1l model

The backfill soil was modeled as a linear elastic perfectly plastic material with the
Mohr-Coulomb (MC) failure criterion. Strip elements incorporated in FLAC2D was utilized to
simulate the reinforcement and modeled as a linear efasfiectly plastic material with the

MC failure criterion. The facing units were modeled as a linearly elastic material. The
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properties of backfill soil, reinforcement, and facing units are presented in Tables 6.1, 6.2, and
6.3 respectively.

In addition,interface elements were utilized to simulate the interaction between
backfill soil and reinforcement, between backfill soil and facing units, and between facing
units. All the interfaces were modeledsdiging or separation interface with the MC failure
criterion. The properties of their interfaces are presented in Tables 6.4 and 6.5.

Since the experimental models were constructed inside a test box, the bottom of the
box was considered as the foundation while the backside of the box was considered as the
stable rigid medium. They were both modeled as linear elastic materials with high stiffness.
The schematic detail of the test box is shown in Chapter four (Figure 4.1). The loading plate

(footing) was also modeled as a linearly elastic material.

6.3.2 Construction of model

In the laboratory, the model walls were constructed inside a test box. Before the
construction of a model wall, a model to simulate the box test was greduietiincluded a
stable rigid medium and a foundation and Wuas solved for intial equilibrium. After that, a
wall model was constructed in stages as described below:
(1) A block as a levelling pad and a thin layer of backfill soil (50 mm) were placed to simulate
the procedure used in the laboratory, and then this system was feoltteel initial equilibrium.
(2) A layer of the wall facing units, the backfill soil, and the reinforcement were installed in the
numerical model. A pin element was used as the connection between the reinforcement and the

blocks to simulate the mechanicainnection used in the model tests.
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(3) Corresponding interfaces (i.e., the interface between blocks and the interface between the
block and backfill soil) were assigned. The interface between backfill soil and the reinforcement
was incorporated in thergp element.

(4) Each layer of the wall facing was fixed in theirection (i.e., a fixed boundary condition

was applied) to simulate the blocks used to support the wall facing units during construction of
the experimental model. Subsequently, the nurakmodel was solved to reach a new

equilibrium.

(5) Steps (2) to (4) were repeated until the top of the wall.

(6) The facing wall support.€.,thefixed boundary condition) was removed layer by layer from
the top to the bottom of the wall as perfornmethe experimental test. The model was solved to
reach equilibrium after removing each of the support.

(7) Finally, a load was applied in equal increments through a loading footing. After each load
increment, the system was solved into equilibrium. Thitopeance data were reduced,

including the displacement of the wall facing, the settlement of the loading footing, the strain of
the geosynthetic reinforcement, and the distribution of the vertical and lateral earth pressures in

the model.
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6.4 Calibration of the parametersused forsimulation of modelwall tests

A3-Il wall model test was simulated to calibrate the parameters used in the numerical
model and determine the numerical results were compared to the experimental results and were
presented inhis section. Th@ormal and shear stiffness of interfaces between facing blocks and
between facing block and backfill soil presented earlier in Table 6.5 were determined through

this calibration process.

6.4.1 Wall facingdisplacement
Figure 6.8 presents theidaal displacements of the wall facing computed by the
numerical analysifNum)in the figureand measured in the experimental {§&ST)along the
wall height under various footing loadings.
This figure shows that the wall facing displacements increagbadhe increase of the
applied footing pressure with a similar trend in both the experimental test and the numerical
analysis. In addition, most of the displacements occurred above tHeeiglt of the wall and
approached to the maximum value at apprately 4/5 of the wall height or at the depth equal
to the width of the footing (i.e., at depth of 0.2 Figure 6.18 shows that the lateral
displacements of the wall facing computed by the numerical analysis matched those measured in

the experimental tésinder all applied footing pressures.
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Figure 6.8 Lateral wall facing displacement versus wall height for the &-11 model

6.4.2 Pressuresettlement curve

Figure 6.9 compares the pressaettlement curve ohe footing computed by the
numerical analysis with that measured in the experimental test. The settlement of the footing
increased approximately linearly with increase of the applied footing pressure and then rapidly

increased after the footing pressuressggher than 150 kPa. This figure shows that the footing

190



settlement computed by the numerical analysis agreed with that measured in the experimental

test under all the applied footing pressures.
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Figure 6.9 Pressuresettlement curve of the footing in the &-11 model

6.4.3 Vertical earth pressuredistribution

Figure 6.10(a) compares the vertical earth pressures computed by the numerical analysis
below the centerline of the footing along the degpitin those mesured in the experimental test
while Figure 6.10(b) compares the results of the numerical analysis with those calculated using
the 2:1 distribution method\ote: the ternR_ 2:1in the figure indicates the lateral earth
pressures calculated based on Equatb.3)These figures show that the vertical earth pressures
computed by the numerical analysis increased with the increase of the applied footing pressure.
In addition, the vertical earth pressures decreased with the depth under all the applied footing

pressures. As shown in Figure 6.10(a), the numerical results matched the measured vertical earth
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pressures at the depth of 0.3 m. However, the vertical earth pressures measured at the bottom of

the wall model were lower than those computed by the numanedysis at the same depth.
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Figure 6.10 Vertical earth pressure distribution verse depth for the A3Il model: (a)
Numerical versus test results and (b) numerical versus calculated results by the 2:1
distrib ution method

Furthermore, Figure 6.10(b) shows that the distribution of the vertical earth pressures

computed by the numerical analysis agreed reasonably with those calculated based on the 2:1
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distribution method from the mideight of the wall model tthe bottom of the wall. However,

the vertical earth pressures calculated based on the 2:1 distribution method were slightly lower
than those computed by the numerical analysis from théhmght of the wall model to the top

of the wall (i.e., at the depthss than 0.5 m).

Figure 6.11 presents the distributions of the vertical earth pressure along the wall width at the
wall height of 0.9 m computed by the numerical analysis and measured in the experimental test

under various footing loading, which showirfagreement.
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Figure 6.11 Vertical earth pressure distribution versus wall width at the wall height of 0.9
m for the A3-1l model

6.4.4 Lateral earth pressuredistribution
Figure 6.2(a) compares the later@arth pressures computed by the numerical analysis

with those measured in the experimental test. Figu§. shows the lateral earth pressures on
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the wall facing computed by the numerical analysis compared to those calculated based on the

Rankine lateal earth pressure theory and the vertical pressure using the 2:1 distribution method.
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Figure 6.12 Lateral earth pressure distribution versus depth for the A3Il model test: (a)
Numerical versus test reslis and (b) numerical versus calculated results based on the
Rankine theory
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Figure 6.12 shows that the measured lateral earth pressures increased with the increase of
the applied footing load. In additiotihe lateral earth pressures computed by the rioate
analysis increased approximately linearly with depth from the top of the wall to the depth of 0.35
m. Subsequently, the lateral earth pressures decreased somehow and then became considerably
constant the depth of 0.45 m to the bottom of the wall.

Figure 6.12(a) shows the lateral earth pressures on the wall facing computed by the
numerical analysis are well compared with those measured in the experimental test. Figure
6.12(b) shows the lateral earth pressures on the wall facing computed by the alusnaticsis

are compared with those calculated based on the Rankine theory and the 2:1 distribution method.

6.5 Verification of the experimental testresults

Several wall model tests were simulated to verify the experimental findings and the

results were gesented in this section

6.5.1 A2-l wall modeltest

Wall facing displacement

Figure 6.13 shows the lateral displacements of the wall facing with the wall height under
various footing loadings computed by the numerical medidus those by measured in the
model test. This figure shows that the wall facing displacements increased with the increase of
the applied footing pressure with the similar trend in both the experimental test and the
numerical analysis. In addition, most of the displacements occurred tigovedheight of the
wall andapproached to the maximum value approximately at 4/5 of the wall height or at the

depth equal to the width of the footing (i.e., at the depth of 0.2 m).
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Figure 6.13 also shows a very good agreement in the lateral displaserhdre wall
facing computed by the numerical analysis and those measured in the experimental test. Under
the high applied footing pressure (i.e., the applied footing pressure of 150 kPa), the lateral
displacements computed by the numerical analysishgttly larger maximum displacement

than those measured from the experimental test.
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Figure 6.13 Lateral wall facing displacement versus wall height for the 2- model
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Pressuresettlement curve

Figure 6.8 presents the presstsettlement curve of the footing on the GRR wall
computed by the numerical analysis compared to that measured from the experimental test of the
A2-1 model. This figure shows that the footing settlement computed by the numericaisasly
in good agreement with that measured from the experimental test under the applied footing

pressure of 150 kPa and lower.

Applied Pressure (kPa)
0 23 30 s’ 100 125 150 175 200 225 250

Footing Settlement (mm)

100

Figure 6.14 Pressuresettlement curve of the footing in the 2-1 model

Figure 6.14 shows that footing settlement measured in the experimental test was less than
that computed by the numerical analysis under the applied footing pressure higher than 150 kPa.
For example, the footing settlement computed by the numerical analyssba#s92 mm under
the applied footing pressure of 175 kPa, while the footing settlement measured in the

experimental test was about 62 mm under the same applied load.
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Vertical earth pressuredistribution

Figure 6.1%a) presents the vertical earth pregsubelow the centerline of the footing
along the depth under various footing loading computed by the numerical simulation and
measured in the experimental test. In addition, Figure 6.15(b) compares the numerical results
with those of the 2:1 distributiomethod using Equation (5.1). This figure shows that the vertical
earth pressures computed by the numerical analysis and measured in the test increased with the
increase of the applied footing pressure and decreased with the depth.

Figure 6.15(a) shows dlhthe distribution of the vertical earth pressures computed by the
numerical analysis agreed well with those obtained in the experimental tests under various
applied footing pressures. A similar trend for the vertical pressure distribution was alsinfound
the calculated results by the 2:1 distribution method. However, the vertical earth pressures
calculated based on the 2:1 distribution method were slightly higher than those computed by the
numerical analysis at the depth close to the bottom of the(iveallat the depth of 0.7 m and

deeper).
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Figure 6.15 Vertical earth pressure distribution with depth for the A2-1 model test: (a)
Numerical versus test results and (b) Numerical versus calculated ressilby the 2:1
distribution method

The distribution of the vertical earth pressure along the wall width at the wall height of
0.9 m was also computed by the numerical analysis under various footing loadings. Figure 6.16
compares the vertical earth pressutemputed by the numerical analysis with those measured in

the experimental test. Even though the maximum vertical earth pressures computed by the
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numerical analysis below the center of the footing were higher than those measured in the

experimental tesdt the same location, their results are generally in agreement.
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Figure 6.16 Vertical earth pressure distribution versus wall width at the wall height of 0.9
m for the A2-1 model test

Lateral earth pressuee distribution
Figure 6.17(a) compares the lateral earth pressures computed by the numerical analysis
with those measured in the experimental test. Figure 6.17(b) shows the lateral earth pressures on
the wall facing computed by the numerical analysis @mebto those calculated based on the
Rankine lateral earth pressure theory and the vertical pressure using the 2:1 distribution method.
Figure 6.17 shows that the lateral earth pressures computed by the numerical analysis
approximately linearly decreasedth depth starting at the depth of 0.25 m from the top of the
wall. The lateral earth pressures computed by the numerical analysis were close to the measured
lateral earth pressures from the experimental test at the depth of 0.4 m and higher as shown in

Figure 6.17(a). However, the measured lateral earth pressures were lower than those computed

200



by the numerical analysis at the deeper depth (i.e., the depth below theigtit of the wall).
The calculated lateral earth pressures based on the Rankinpreasihre theory using Equation

(5.3) are almost the same as those computed by the numerical analysis.
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Figure 6.17 Lateral earth pressure distribution versus wall width for the A2-1 model test:
(a) Numerical versus test results and (b) numerical versus calculated results by the
Rankine theory
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6.5.2 A2-ll wall modeltest

Wall facing displacement

Figure 6.18 shows the lateral displacements of the wall facing with the wall height
computed by the numerical agsis and measured in the experimental test. This figure shows
that the wall facing displacements increased with the increase of the applied footing pressure in
both the experimental test and the numerical analysis. In addition, most of the displacements
occurred above the mitleight of the wall andpproached to the maximum value at
approximately 4/5 of the wall height or at the depth equal to the width of the footing (i.e., at
depth of 0.2 m)Figure 6.18hows that the lateral displacements of the walhfacomputed by
the numerical analysis agreed well with those measured in the experimental test under all applied

footing pressures.

Pressuresettlement curve

Figure 6.19 compares the presssettlement curve of the footing computed by the
numerical aalysis with that measured in the experimental test. This figure shows that the footing
settlement computed by the numerical analysis increased approximately linearly with the
increase of the applied footing pressure up to 150 kPa, and then increasetyaftietethe
footing pressure of 150 kPa and higher was applied. This figure also shows that the footing
settlement computed by the numerical analysis matched well that measured in the experimental

test under all the applied footing pressures.
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Figure 6.18 Lateral wall facing displacement versus wall height for the &-11 model
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