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Strain Distribution within Geosynthetic-Reinforced Slopes
Jorge G. Zornberg, M.ASCE,1 and Fabiana Arriaga2

Abstract: Geosynthetic-reinforced slopes are conventionally designed using methods based on limit equilibrium. In order to esti
factor of safety against internal stability using these methods, the distribution of the reinforcement peak tensile forces with heigh
assumed. A linear distribution of reinforcement peak tension with height, with zero tension at the crest and maximum peak tens
toe of the structure, has often been assumed. Although this assumption may be appropriate for the design of vertical geo
reinforced walls, little evidence has been collected so far justifying this distribution for the design of geosynthetic-reinforced sl
combination of centrifuge testing and digital image analysis is undertaken in order to obtain the strain distribution within geosy
reinforced slopes under prefailure conditions. Specifically, digital image analysis techniques are used to determine the disp
distribution along reinforcement layers in reduced-scale models subjected to increasingg levels. A sigmoid function was useful to fit raw
displacement data and estimate the strain distribution along reinforcement layers. Analysis of reinforcement strain results show
location of the reinforcement maximum peak strain does not occur near the toe of the structure, but was located approxim
midheight of the reinforced slopes, at the point along the critical failure surface directly below the crest of the slope. The pa
reinforcement peak strain with height obtained for prefailure conditions is similar to that obtained for failure conditions. The es
factor of safety is found to be a good indicator of the magnitude of the reinforcement maximum peak strain for geosynthetic-re
slopes built with different configurations.
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Introduction

The acceptance of geosynthetics in reinforced soil construc
has been triggered by a number of factors, including aesthe
reliability, cost, simple construction techniques, good seismic p
formance, and the ability to tolerate large deformations with
structural distress. Field monitoring studies of reinforced s
structures, however, have posed major challenges, particularl
garding the monitoring of tensile stresses and strains of the
synthetics.

Intrusive field instrumentation techniques have been used
the monitoring of strains within full-scale geosynthetic-reinforc
soil structures. However, the costs associated with full-scale
strumentation may be significant and the reliability of the c
lected data has often been questionable. As a result, comp
tively few prototype structures have been monitored and
current understanding of the strain distribution within reinforc
ment layers under working stress conditions is possibly inaccu
and largely ‘‘presumed.’’ Among the different types of reinforce
soil systems, the lack of field data is particularly striking for t
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case of geosynthetic-reinforced soil slopes, which may result
significant inaccuracies in their design. Comparatively hig
reduction factors and factors of safety have been incorporated
current design methodologies. Use of these factors has rend
safe, though overconservatively designed reinforced soil str
tures.

Centrifuge modeling in combination with digital image analy
sis is used in this investigation as an alternative to field instr
mentation in order to obtain the distribution of strains withi
geosynthetic-reinforced soil slopes under prefailure conditio
The centrifuge provides a controlled environment in which stru
tures can be studied as scaled-down models while preserving
totype stress levels. Specifically, this study involves the analy
of digital video documentation of displacement fields collecte
during centrifuge testing of reduced-scale geosynthetic-reinforc
soil slopes. The focus is on defining the pattern of reinforceme
strains under prefailure, working stress conditions. Analysis of t
digital images allowed the determination of the following infor
mation for increasing g levels~i.e., decreasing factors of safety!:
~1! strain distribution along each reinforcement layer, which typ
cally shows a well-defined peak strain value;~2! distribution with
height of reinforcement peak strains within the geosynthet
reinforced soil slope, which has often been assumed to hav
triangular pattern; and~3! the magnitude and location~i.e.,
height! of the reinforcement maximum peak strain that develo
within the entire structure. The term ‘‘peak strain’’ is used here
to denote the maximum strain that develops along each of
several reinforcement layers in the structure. On the other ha
the term ‘‘maximum peak strain’’ is used to denote the overa
maximum strain that develops among all reinforcement layers

This paper initially evaluates information gathered from in
strumented full-scale geosynthetic-reinforced soil slopes that p
vide reinforcement strain distribution data. Subsequently, an ov
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Fig. 1. Reinforced slope model:~a! before testing in a geotechnical centrifuge and~b! after testing, showing development of failure surfac
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sumed distribution with height of reinforcement peak tens
forces may have important implications in design, particula
when zones of different reinforcement density within the hei
of the reinforced soil structure are used.

Current design methods for reinforced soil vertical walls a
based on the assumption that reinforcement peak forces are
portional to the overburden pressure, as measured from the to
the vertical wall@Fig. 2~a!#. The rationale behind this assumptio
is that extensible reinforcements should resist the active e
pressure in the soil~e.g., Collin 1997; Elias et al. 2001!. Although
interaction with the foundation soils has been found to affect
distribution in the lower reinforcement layers, studies have in
cated that maximum tensile forces are well predicted by assum
a Rankine active condition in geosynthetic-reinforced verti
walls ~e.g., Allen et al. 1991; Zornberg and Mitchell 1994!.

In the case of reinforced soil slopes, which have their des
based on limit equilibrium and not on working stress methodo
gies, a reinforcement peak tension distribution with height m
also be assumed. Extending the rationale used for the desig
reinforced soil vertical walls, the triangular distribution shown
Fig. 2~a! has also been typically assumed for the design of re
forced soil slopes. This distribution has been assumed, for
ample, in design charts for geosynthetic-reinforced soil slo
developed using limit equilibrium approaches~Schmertmann
et al. 1987; Leshchinsky and Boedeker 1989; Jewell 1991!. A
similar distribution was also adopted by FHWA design guidelin
for reinforced soil slopes higher than 6 m~Elias et al. 2001!.

However, the conventional triangular distribution of reinforc
ment peak forces with height is not supported by a centrifu
investigation that evaluated the behavior of reinforced soil slo
at failure ~Zornberg et al. 1998a!. In that study, failure was ob
served to initiate from midheight of the slopes, which led to p
posing the distribution of reinforcement forces with height sho
in Fig. 2~b!. This distribution was inferred from the analysis
slope models@Fig. 2~c!#, which had been brought to a failur
condition @i.e., factor of safety (FS)51.0]. However, no quanti-
tative information has been collected so far on the distribution
tensile forces or strains for geosynthetic-reinforced slopes un
working stress conditions~e.g., FS51.5 or higher!.

In summary, performance data of geosynthetic-reinfor
slopes under prefailure conditions is needed to assess the s
distribution along reinforcement layers, the distribution of re
forcement peak strain with height within the entire structure, a
the magnitude and location of the maximum peak strain de
oped among all reinforcement layers. Probably the best wa
investigate the strain distribution within geosynthetic-reinforc
view is presented of the aspects of a centrifuge testing progra
that are relevant for the analysis of reinforcement strain distrib
tions. Details of the digital image analysis of centrifuge model
including procedures followed to obtain reinforcement displace
ment and strain distributions, are presented next. Finally, rei
forcement strain distribution results obtained for prefailure cond
tions and their implications in current design methods o
geosynthetic-reinforced slopes are evaluated.

Reinforcement Tension Distribution in Reinforced
Soil Slope Design

The effect of geosynthetic reinforcements on the stability of
steep slope is illustrated in Fig. 1~a!, which shows a reduced-scale
geosynthetic-reinforced slope model built using dry sand as bac
fill material. Horizontal geosynthetic reinforcements place
within the backfill provide stability to the steep slope, the incli
nation of which is well above the angle of repose of the sand.
fact, the reinforced slope model not only did not fail under it
own weight, but its failure only occurred after the unit weight o
the backfill was increased 66 times by placing the model in
geotechnical centrifuge~Zornberg et al. 1998a!. Fig. 1~b! shows
the failure surface developed in the reinforced slope model fo
lowing centrifuge testing. The observed failure mechanism va
dated experimentally the mechanism assumed in reinforced s
design, which is typically performed using limit equilibrium.

When the stability of unreinforced soil slopes is analyzed b
limit equilibrium methods, assumptions concerning the shape
the failure surface and the inclination and magnitude of the inte
slice forces are required in order to obtain a solution. Most rei
forced soil stability analyses are modified versions of classic
limit equilibrium slope stability methods in which reinforcemen
tensile forces are introduced in the calculations. The main obje
tive of the design of geosynthetic-reinforced slopes is to defin
the layout and required tensile strength of the reinforcements. T
stability analysis of reinforced slopes needs additional assum
tions on top of those already made for the analysis of unrei
forced slopes. These additional assumptions include the inclin
tion ~e.g., horizontal, tangential! and the distribution with height
~e.g., linear, uniform! of the reinforcement peak tensile force
along the potential failure surface~Christopher and Leshchinsky
1991!. Parametric limit equilibrium analyses~Wright and Duncan
1991! and evaluation of centrifuge test results~Zornberg et al.
1998b! have shown that the assumed orientation of the tens
forces does not affect significantly the calculated factor of safe
at least for structures with granular backfills. However, the a
AL AND GEOENVIRONMENTAL ENGINEERING / JANUARY 2003 / 33



Fig. 2. Distribution of reinforcement peak tension with height:~a! for geosynthetic-reinforced walls~used in design!; ~b! for geosynthetic-
reinforced slopes~proposed!; and ~c! schematic cross section
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soil slopes is by monitoring of full-scale prototypes. According
an assessment is conducted as part of this study of full-s
structures for which geosynthetic strain monitoring has been
ported. In addition, and considering the limited amount of d
available from instrumented full-scale projects, information
reinforcement strain distribution is generated and evaluated f
reduced-scale geosynthetic-reinforced models tested in a geo
nical centrifuge.

Assessment of Reinforcement Strains From
Monitored Full-Scale Geosynthetic-Reinforced
Slopes

Although field instrumentation projects have provided signific
information regarding the reinforcement strain distribution with
geosynthetic-reinforced vertical walls~e.g., Allen et al. 1991;
Bathurst et al. 1992; Fishman et al. 1993; Zornberg and Mitc
1994!, comparatively scarce monitoring data has been colle
on the strain distribution within geosynthetic-reinforced s
slopes. Instrumentation data from full-scale geosynthe
Table 1. Full-Scale Geosynthetic-Reinforced Slopes with Reported Reinforcement Strain Distribution Information

Slope height,
H ~m!

Slope angle
~H:V!

Reinforcement
type n

Backfill
material Facing

«max

~%!
Location of«max

~% of H! Reference

1 2.7 0.84:1 W 6 Gravel Flexible 0.60 57 Delmas et al. 1988
2 6.0 0.5:1 GG 4 Sand Flexible 0.90 17 Fannin and Hermann 1988
3 3.0 0.7:1 GG 2 Sand Flexible 0.30 67 Miki et al. 1988
4 3.0 0.7:1 GG 3 Sand Flexible 0.20 50 Miki et al. 1988
5 4.8 0.5:1 GG 5 Sand Flexible 0.40 50 Fannin and Hermann 1990
6 4.8 0.5:1 GG 8 Sand Flexible 0.65 38 Fannin and Hermann 1990
7 7.6 0.5:1 GG 9 Silt Flexible 0.69 40 Christopher et al. 1994
8 7.6 0.5:1 W 9 Silt Flexible 0.69 40 Christopher et al. 1994
9 6.8 0.5:1 GG 10 Fine grained Rigid 0.35 35 Kasahara et al. 1994
10 27.4 1:1 NW 50 Decomposed

granite
Flexible 0.20 60 Barrows and Lofgren 1993;

Zornberg et al. 1995
11 5.3 0.58:1 GG 8 Fine grained Flexible 1.60 25 Ghinelli and Sacchetti 1998
12 5.6 0.58:1 GG 8 Fine grained Flexible 1.00 46 Ghinelli and Sacchetti 1998
13 4.6 0.75:1 GG 11 Gravel Flexible 0.40 59 Zornberg and Kavazanjian 2001

Note:n5number of reinforcement layers;«max5maximum peak strain;W5woven geotextile; NW5nonwoven geotextile; GG5geogrid; H:V5horizontal
to vertical.
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reinforced soil slopes reported in the technical literature are co
piled in Table 1. Only studies that included monitoring of th
strain distribution within the reinforcement layers and that a
lowed determination of the magnitude and location of the rei
forcement maximum peak strain are summarized in the table. T
table summarizes the type of backfill, geosynthetic reinforceme
and facing of the monitored structures. In the case of compos
structures, the toe of the overall system was considered for
purpose of defining the total slope height.

Assessment of strain distribution results indicates, as expec
that the strain magnitude along reinforcement layers increa
with increasing loading~Fannin and Hermann 1990; Zornberg
and Kavazanjian 2001!. Also, the strain distribution along rein-
forcement layers usually exhibits a well-identified peak valu
~Miki et al. 1988; Fannin and Hermann 1990; Zornberg et a
1995; Ghinelli and Sacchetti 1998!. The distribution of reinforce-
ment strains in geosynthetic-reinforced slopes with rigid facin
shows a comparatively high strain at the connection of reinforc
ment layers with rigid facing units~Fannin and Hermann 1990!.
High connection strains have been attributed to the relative dow
NEERING / JANUARY 2003



stress
Fig. 3. Magnitude and location of reinforcement maximum peak strain for full-scale geosynthetic-reinforced slopes under working
conditions.~Note: Full-scale structures are those listed in Table 1!.
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ward movement of the retained soil with respect to the less com
pliant panel structures~Bathurst 1992!. For geosynthetic-
reinforced slopes with flexible facing systems, the location of th
reinforcement peak strain moves away from the slope face. Th
locus of reinforcement peak strains generally coincides with th
location of the potential failure surface.

Of particular relevance for the purpose of this investigation i
to evaluate the magnitude and location of the reinforcement max
mum peak strains. Fig. 3 shows that the magnitude of the rein
forcement maximum peak strain for structures listed in Table 1
The maximum peak strain, generally monitored under workin
stress conditions, is typically below 1%. This strain value is wel
opes.
Fig. 4. Location of maximum peak reinforcement strain as function of inclination of slope face for full-scale geosynthetic-reinforced sl
~Note: Full-scale structures are those listed in Table 1!.
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below the strain level that corresponds to the maximum tens
strength of typical geosynthetic materials. Fig. 3 also shows
location, measured vertically from the toe as a percentage of
structure height, of the reinforcement layer that achieves
maximum peak strain. The location of the maximum peak stra
ranges from approximately 20 to 60% of the structure height. T
indicates that the common assumption that the reinforcem
maximum peak tensile force occurs at the toe of geosynthe
reinforced slopes is not valid for working stress conditions. Ev
though the number of data points is limited, it appears that there
no significant correlation between the magnitude and location
the reinforcement maximum peak strain.
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Fig. 4 shows the location, as a percentage of the struc
height, of the reinforcement maximum peak strain as a functio
the slope inclination for structures listed in Table 1. The tre
observed from this data, collected from full-scale structures un
working stress conditions, suggests that the location of the r
forcement maximum peak strains is a function of the slope in
nation. Such a trend is consistent with the distribution shown
Fig. 2~b!, inferred from the results of reduced-scale centrifu
models under failure condition.

In summary, available data on reinforcement strain distribut
within geosynthetic-reinforced slopes does not support the cur
design assumption that the reinforcement maximum peak ten
is located at the toe of the structures. Instead, such location
pears to be a function of the inclination of the slope. Howev
definite conclusions cannot be drawn from available field inf
mation because of the limited number and different characteris
of available instrumented structures. Consequently, additiona
formation on the strain distribution within geosyntheti
reinforced slopes under working stress conditions is generate
this study from reduced-scale geosynthetic-reinforced slope m
els tested in a geotechnical centrifuge.

Centrifuge Modeling of Geosynthetic-Reinforced
Soil Slopes

Small-scale physical modeling of engineered earth structures
been used in the past to provide insight into the behavior of r
forced soil structures~e.g., Lee et al. 1973; Juran and Christoph
1989!. However, a limitation of scaled physical models under 1g
conditions is that stress levels in the models are much sm
than in full-scale structures, thus leading to different soil prop
ties and loading conditions. The centrifuge provides a tool
geotechnical modeling in which prototype structures can be s
ied as scaled-down models while preserving prototype stress
els. Although modeling limitations are often difficult to overcom
when the purpose of the investigation is to compare the per
mance of model and prototype structures, many of these lim
tions can be taken into account when the purpose is to vali
analytical tools and the qualitative behavior of geotechnical s
tems~Zornberg et al. 1997!.

A wide range of geotechnical problems has been investiga
using centrifuge modeling techniques, and evaluation of the
havior of reinforced soil structures is no exception. Several of
previous centrifuge studies have focused on the validation of
sign methods~e.g., Bolton et al. 1978; Mitchell et al. 1988; Zorn
berg et al. 1998b!, other studies have evaluated the effect of s
cific design parameters~e.g., Goodings and Santamarina 198
Güler and Goodings 1992; Porbaha and Goodings 1996!, while
others have investigated the performance of structures subje
to loadings other than self weight such as concentrated or sei
loads ~e.g., Kutter et al. 1990; Ragheb and Elgamal 1991; L
et al. 1992; Nova-Roessig and Sitar 1998!. However, a compre-
hensive review of previous centrifuge studies on the performa
of reinforced soil structures~Zornberg et al. 1997! indicates that
no previous research has been conducted on the evaluatio
strain distribution within reinforced soil slopes under workin
stress conditions.

While this investigation focuses on the evaluation of the p
formance of geosynthetic-reinforced slope models under pre
ure conditions, it builds upon previous studies on the evalua
of those models under failure conditions~Zornberg et al. 1998b!.
The centrifuge study under failure conditions provided strong e
dence that limit equilibrium methodologies adequately predict
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collapse of geosynthetic-reinforced soil structures. The study p
sented herein extends the previous investigation by evaluating
performance of geosynthetic-reinforced slopes under workin
stress conditions and, specifically, the strain distribution of ge
synthetic reinforcements under prefailure conditions.

The geosynthetic-reinforced slope models analyzed in this i
vestigation were built with the same geometry and were subject
to a gradually increasing centrifugal acceleration until failure oc
curred. A box with inside dimensions of 419 mm3203 mm in
plan, and 300 mm in height was used to contain the models.
transparent Plexiglas plate was used as one of the side walls
the box to enable in-flight visualization of the models during tes
ing. The remaining walls of the box were aluminum plates line
with polytetrafluorethylene to minimize side friction. The Plexi-
glas wall was lined with a Mylar sheet overprinted with a squar
grid pattern, which was used as a reference for monitoring d
placements within the backfill. In order to prevent scratches a
to minimize side friction, a second Mylar sheet was placed ov
the one with the square grid pattern. The total height of the mo
els was 254 mm~228.6-mm-high geotextile-reinforced slopes
built on a 25.4-mm-thick foundation layer!. The slope inclination
of the models was 1H:2V~horizontal to vertical!. Air dried
Monterey No. 30 sand was used as backfill material and found
tion soil. The number of reinforcement layers in the mode
ranged from nine to eighteen, which corresponds to reinforceme
spacings ranging from 25.4 to 12.7 mm. All models were bui
using a reinforcement length of 203 mm. The selection of rel
tively long reinforcements was intentional, as the testing progra
aimed at avoiding the development of external or compound fa
ure surfaces~i.e., the slopes were designed to fail by reinforce
ment breakage!. The geotextile layers were wrapped at the fac
using 50-mm-long overlaps. The characteristics of the mode
evaluated using digital image analysis are summarized in Table
The model designation uses a letter that identifies whether t
model belongs to the baseline series~B!, to the denser backfill
series~D!, or to the stronger geotextile series~S!. The number
that follows in the model designation refers to the number o
reinforcement layers.

Due to the small size of the model slopes, internal instrume
tation could not be included to monitor the performance of th

Table 2. Characteristics of Centrifuge Geotextile-Reinforced Slop
Models

Model
B18

Model
B12

Model
D12

Model
S9

Number of reinforce-
ment layers

18 12 12 9

Vertical spacing~mm! 12.70 19.05 19.05 25.40
Reinforcement type weak weak weak strong
Reinforcement
tensile strength
~kN/m!

0.123 0.123 0.123 0.183

Relative density
of sand~%!

55 55 75 55

Sand peak friction
angle

35° 35° 37.5° 35°

g level at failure
(Nf)

76.5 60 66 52.5

Elapsed time until
failure ~min!

53 43 60 39

Failure type catastrophic catastrophic catastrophic progress
EERING / JANUARY 2003
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tained from back calculation of failure in the centrifuge slo
models, were 0.123 and 0.183 kN/m for the weaker and stro
geotextiles, respectively~Zornberg et al. 1998b!. Confined tensile
strength values were used for estimating the factor of safety o
models analyzed in this study under increasingg levels.

Digital Image Analysis of Geosynthetic-Reinforced
Slope Models

Although digital image analysis techniques have found wi
spread application in disciplines such as medicine, biology,
geography, applications within civil engineering are more inc
ent ~Mora et al. 1998!. However, promising advances involvin
image-processing techniques have been made in granular
characterization, including evaluation of porosity, fabric, str
ture, and uniformity of cohesionless soils~Kemeny et al. 1993
Thomas et al. 1994; Kuo and Frost 1996; Obaidat et al. 19
Jang et al. 1999!. Advances have also been made in the use
digital image analysis for assessment of deformation of gran
soils and shear band development~Gustafsson and Knutsso
1994; Raschke et al. 1996; Liang et al. 1997! and for measure
ment of geomembrane surface roughness~Dove and Frost 1999!.

In this investigation, consecutive in-flight images of centrifu
models were used to monitor movements as theg level was in-
creased. This combination of centrifuge testing and digital im
processing and analysis is suitable for retrieving information
prefailure reinforcement strain distributions without the need
internal instrumentation. The images were collected from cont
ous videotaped recording of the centrifuge tests. The spe
tasks undertaken as part of this investigation regarding dig
image processing and analysis included:

• Capturing images recorded from models videotaped du
centrifuge testing.

• Tracking the location and analyzing the displacement of ma
ers at each reinforcement level under increasingg levels. This
resulted in a database that includes the location of appr
mately 50 markers from each captured image, under acce
tion fields ranging from 1g to more than 70g.

• Calculating the relative displacements and strain distributi
along the reinforcements at increasingg levels using the
marker location database.
A subset of four centrifuge models was selected for the dig

image analysis in this investigation. This includes Models B
and B12 from the baseline series, Model D12 from the den
backfill series, and Model S9 from the stronger geotextile se
Table 3 summarizes information regarding analyzed image
geosynthetic-reinforced slope models. The table summarize
recording time,g level at the time of recording, and the factor
safety corresponding to theg level under evaluation. The facto
of safety reported in the table were obtained from limit equil
rium analyses performed using Spencer’s method and assu
circular failure surfaces~Zornberg et al. 1998b!. Soil shear
strength and reinforcement tensile strength parameters used
limit equilibrium analyses accounted for the soil plane strain c
dition and for the geotextile confinement within the soil.

The image acquisition system consisted of a closed cir
television camera and video recording device. The televis
camera was mounted at the center of the rotating structure o
centrifuge. This system provided continuous monitoring of
models while testing was in progress. A 45° inclined mirror w
used to view the model in-flight through the Plexiglas wall. Fig
models under working stress levels. It was, for example, imp
sible to instrument the reinforcement layers due to their sm
width and high fragility. The difficulty in instrumenting geosyn
thetic reinforcements in centrifuge models has also been repo
by other investigators~e.g., Mahmud and Zimmie 1998!. Instead,
an image acquisition system was used to track movement
colored sand markers through the Plexiglas wall. Green-colo
sand was placed against the Plexiglas wall along each reinfo
ment layer. In addition, black-colored sand markers were pla
at a regular horizontal spacing of 25 mm and were carefu
matched during construction with the corners of the square g
The geometric configuration of one of the models~Model B12! is
shown in Fig. 5.

The models were subjected to gradually increasing centrifu
acceleration levels. After reaching each level, the models w
held at a constant acceleration for approximately two minute
allow equalization of the load. As the models deformed, the bl
sand markers moved with the adjacent soil. Testing progres
until failure of the models occurred. Careful postfailure asse
ment of the models indicated that efforts to minimize side fricti
were successful~Zornberg et al. 1998a!. In fact, tears in the geo
textile reinforcements were always perpendicular to the direc
of loading, showing no evidence of edge effects caused by la
friction against the walls of the centrifuge box. Also, model d
section revealed that displacements of markers placed within
model were essentially identical to displacements of mark
placed against the Plexiglas wall.

An extensive testing program was performed to evaluate
strength properties of the sand backfill material, of the geotex
reinforcements, and of several interfaces that could influence
performance of the slope models~Zornberg et al. 1998b!. The
centrifuge models were built using Monterey No. 30 sand, wh
is a clean, uniformly graded sand classified as SP in the Uni
System. Monterey No. 30 sand has a uniform gradation cu
The friction angles obtained from triaxial compression tests
35 and 37.5° for relative densities of 55 and 75%, respectiv
Unit weight values for Monterey No. 30 sand at these relat
densities are 15.64 and 16.21 kN/m3, respectively. Commercially
available interfacing fabric has been successfully used to simu
reinforcement in centrifuge testing of geosynthetic-reinforc
slopes~Güler and Goodings 1992!. Two types of nonwoven inter-
facing fabrics, having a mass per unit area of 24.5 and 28 g2,
were selected as reinforcement. Unconfined ultimate ten
strength values, measured from wide-width strip tensile te
ASTM D4595, were 0.063 and 0.119 kN/m for weaker and str
ger geotextile, respectively. Confined tensile strength values,
AL AND GEOENVIRONMENTAL ENGINEERING / JANUARY 2003 / 37



Table 3. Characteristics of Analyzed Images for Models B18, B12, D12, and S9

Frame number 1 2 3 4 5 6 7

Model B18

Recording time~min! 6:00 8:00 18:00 21:00 28:00 35:00 42:00

g level 10 14 30 34 49.5 64 71.5

Factor of safety 2.70 2.50 1.43 1.18 1.08 1.04 1.02
Maximum peak strain~%! 6.70 7.60 10.01 12.80 16.78 20.34

Model B12

Recording time~min! 4:25 6:00 11:00 19:50 29:50 39:50

g level 5 10 20 40 54 58

Factor of safety 2.60 2.15 1.50 1.15 1.05 1.01
Maximum peak strain~%! 7.50 8.92 10.10 13.70 18.90

Model D12

Recording time~min! 9:00 14:30 21:00 32:00 41:00 51:00

g level 9 15 23.5 38 49.3 59.3

Factor of safety 2.17 1.95 1.48 1.10 1.07 1.02
Maximum peak strain~%! 5.43 8.00 11.85 17.61 21.31

Model S9

Recording time~min! 7:00 9:00 14:00 17:00 23:00 30:00 34:00

g level 11 14 23 27 35.5 42 46

Factor of safety 2.07 1.90 1.41 1.15 1.07 1.04 1.02
Maximum peak strain~%! 3.74 6.52 9.87 14.99 17.70 21.70
lant
ard
test
ed

ed
tire
uld

aye
7

ng

el
nce
ages
be
tely
lly
gin-

ed
bse-
atic

ges

rid
all

in-
and
tri-

etic-
co-

t
ence
rs.

d the

del

38 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
s

r

in Model S9. As the arm of the centrifuge spins with increasi
angular velocity, the bucket holding the model~supported by
hinged pins! swings upward so that the top surface of the mod
becomes gradually perpendicular to the plane of rotation. Si
the camera was located at the center of the centrifuge axis, im
of the centrifuge model through the Plexiglas wall could not
captured until the top surface of the model became approxima
perpendicular to the plane of rotation. Consequently, the initia
available images of each model do not correspond to the be
ning of the centrifuge tests.

In order to define the displacement field within the reinforc
soil mass, the edge of the sand markers was identified in su
quent images of the centrifuge models making use of autom
recognition of objects~e.g., edges of sand markers!. The center of
mass of each sand marker was tracked within the digital ima
for increasingg levels~i.e., decreasing factors of safety!. Distance
calibration within the images was facilitated by the square g
pattern overprinted on the Mylar sheet used on the Plexiglas w
of the centrifuge models. The analysis of the digital images
volved determination of the spatial coordinates of each s
marker for the sequential images captured in the different cen
fuge slope models.

Analysis of Results

Reinforcement Displacement Distributions

Relative displacements between sand markers in the geosynth
reinforced slopes were defined using the database of marker
ordinates obtained for increasingg levels. For each reinforcemen
layer, the marker closest to the face was considered the refer
point for determination of relative distances between marke
The distance between the center of mass of each marker an
Fig. 6. View of television camera and centrifuge bucket with mo
and slant mirror in place
shows the centrifuge arm with the television camera, the s
mirror, and a slope model ready for testing. A capturing bo
was used to convert the videotaped images of the centrifuge
from analogue to digital format. The resolution of the digitiz
images was 2,10032,800 pixels.

The view window of the closed-circuit television camera us
to collect images during centrifuge testing did not cover the en
Plexiglas wall. Consequently, some reinforcement layers co
not be included in the analysis. Images were recorded up to L
14 in Model B18, Layer 9 in Models B12 and D12, and Layer
ERING / JANUARY 2003
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cally using the parametersa, b, and c that fit the displacemen
data. The expressions for maximum strain and its location ar

«max5
c

4a
(2)

xmax5
1

c
lnS b

aD (3)

where«max5magnitude of the peak strain in each reinforcem
andxmax5location, measured from the slope face, where the p
strain occurs. Figs. 9~a–d! show the strain distribution obtaine
for reinforcement Layers 4, 5, 8, and 9 of Model B12. Laye
shows the maximum peak strain obtained for Model B12. Arri
and Zornberg~2000! provide the reinforcement strain distribu
tions obtained for all reinforcement layers of the four mod
analyzed in this study. The strain distributions are shown for
creasingg levels during centrifuge testing. As anticipated, ge
synthetic strain increases with increasingg levels~i.e., decreasing
factor of safety!. It should be noted, though, that the distan
from the slope face of the peak strain remains approximately
same for increasingg levels. This is consistent with limit equilib
rium analyses, which show little change in the critical failu
surface location for analyses conducted at increasingg levels.

Of particular relevance in the design of geosynthe
reinforced slopes is the distribution with the height of the re
forcement peak tensile strains. As previously discussed, cu
design approaches typically assume a triangular distribution
reinforcement maximum peak tension at the toe of the struc
Figs. 10~a–d! summarize the distribution with height of the rei
forcement peak tensile strains obtained for Models B18, B
D12, and S9. The figures show the distribution of peak st
values for increasingg levels ~i.e., decreasing factors of safety!.
The dashed lines in the figures represent the location of the
synthetic reinforcement layers. As previously mentioned, the
lected digital data does not include information from the top a
bottom geosynthetic layers. As expected, the results show
reinforcement peak strain values for each reinforcement laye
crease for increasingg levels. The distributions of peak tensi
strains have a similar pattern with height for increasingg-level
values. Also, the pattern of the distribution of maximum tens
strains with height is similar for the different models, which we
built with the same slope inclination but with different reinforc
ment vertical spacing values, different backfill densities, and
ferent reinforcement materials.

Contradicting current design assumptions, the distribution
tensile strains with height does not show a triangular pattern
a maximum value at the toe. Instead, the results obtained fg
levels corresponding to prefailure conditions show that the m
mum peak strain for each geosynthetic-reinforced model is
cated approximately at midheight of the slope. The elevation
the reinforcement layers that showed the maximum peak s
ranged from 56 to 58% of the total height of the geosynthe
reinforced slope. The maximum peak strain obtained for e
reinforcement model at differentg levels analyzed as part of th
study is indicated in Table 3. The patterns of peak strain distr
tion with height shown in Figs. 10~a–d! for prefailure conditions
is consistent with the pattern shown in Fig. 2~b!, which had been
inferred from evaluation of the failure mechanism observed in
geosynthetic-reinforced models~Zornberg et al. 1998a!. The re-
sults presented herein validate the distribution shown in Fig.~b!
by quantifying the magnitude of geosynthetic peak strains
conditions of imminent failure. In addition, these results also
corresponding reference marker was calculated considering
vertical and horizontal components. The initial coordinates
each marker used for subsequent estimation of reinforcem
strains correspond to the initial frame indicated for each mode
Table 3. A preliminary evaluation of the reinforcement strains w
performed by dividing the relative displacement between c
secutive markers by the distance between them. However, m
scatter in the reinforcement displacement distribution resulte
major oscillations in the strain distribution~Zornberg et al. 1995!.
Consequently, the relative displacement data was fitted
monotonically increasing function. The expression used to fit
displacement data is a sigmoid function defined by

d5
1

a1be2cx (1)

whered5displacement of each marker relative to the refere
marker at the face of the model;x5distance between each mark
and the corresponding reference;e5base of natural logarithms
and a, b, and c5fitting parameters. The main characteristics
the sigmoid function are shown in Fig. 7.

Figs. 8~a–d! show displacement results obtained under
creasingg levels for four geosynthetic reinforcement layers
Model B12 ~Layers 4, 5, 8, and 9!. The location of these rein
forcement layers is shown in Fig. 5. The solid lines represent
displacement data, while the dashed lines represent the tren
fined by sigmoid functions fitted to the raw data. As anticipat
the measured displacements increase with increasingg levels~i.e.,
decreasing factors of safety!. Displacement data can be fitted re
sonably well by sigmoid functions, as shown in the figure
Model B12. Displacement information obtained for all reinforc
ment layers of the four models evaluated as part of this stud
provided by Arriaga and Zornberg~2000!.

Reinforcement Strain Distributions

The reinforcement strain distribution along each reinforcem
layer was defined using displacement data collected from im
captured in-flight during centrifuge testing. Specifically, the g
synthetic strain distribution was calculated from the derivative
the sigmoid function fitted to displacement data. Consistent w
the performance data reported in the literature for monitored
scale geotextile-reinforced slopes with extensible facing, a
moid function results in strain distributions tending to zero
wards the face and towards the end of the geosynth
reinforcements. The peak strain value and its location from
slope face in each reinforcement layer can be determined an
AL AND GEOENVIRONMENTAL ENGINEERING / JANUARY 2003 / 39



Fig. 8. Displacement data and sigmoid fitted curves for Model B12:~a! reinforcement Layer 9;~b! reinforcement Layer 8;~c! reinforcement
Layer 5; and~d! reinforcement Layer 4
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Fig. 9. Strain distribution for Model B12:~a! reinforcement Layer 9;~b! reinforcement Layer 8;~c! reinforcement Layer 5; and~d! reinforcement
Layer 4
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validity of the distribution to prefailure scenarios~i.e., for
of safety larger than one!.
1 shows the location of the maximum peak strain for the

ntrifuge models analyzed in this study. The locations
n the figure are for models underg levels corresponding
tor of safety of approximately 1.5. Specifically, the maxi-

mum peak strain among all reinforcements is located in reinforce-
ment layer 11 for Model B18, reinforcement Layer 8 for Models
B12 and D12, and reinforcement Layer 6 for model S9. The dis-
tance from the face to the location of the maximum peak strain
varied slightly with increasingg levels~i.e., decreasing factors of
safety!, but the elevation of this location did not change. As

Fig. 10. Reinforcement peak strain distribution:~a! Model B18; ~b! Model B12; ~c! Model D12; and~d! Model S9
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Fig. 12.
of safety
in the figure, the maximum peak strain occurs approxi-
below the crest of the slope. This is consistent with the
ement tensile force distribution shown in Fig. 2~b!, which
s that the maximum value occurs at a point along the
ailure surface located below the slope crest. An evalua-
ocal equilibrium between reinforcement forces and hori-
oil stresses also indicates this to be the approximate loca-
maximum peak strain. In fact, the location of the
m peak strain~shown in Fig. 11! corresponds approxi-
o the point along the critical failure surface with the larg-
burden pressure. Horizontal soil stresses along the poten-
re surface should be proportional to the overburden

e, which increases approximately with depth below the
the slope. Accordingly, the maximum peak strain would
ed towards the toe of the structure in a vertical reinforced
t above the toe of the structure in a reinforced soil slope.
ary, the strain distribution under working stress condi-

tained in this investigation contradicts the triangular dis-
with a maximum at the toe of the reinforced slope cur-

rently assumed in design@Fig. 2~a!#, but provides additional
evidence in support of a distribution with a maximum below the
crest of the reinforced slope@Fig. 2~b!#.

The maximum peak strain values obtained for each
geosynthetic-reinforced model are summarized in Fig. 12 as a
function of the calculated factor of safety. Despite the different
configurations of Models B18, B12, D12, and S9~reinforcement
vertical spacing, reinforcement tensile strength, soil density!, the
maximum peak strain values appear to show a similar trend for all
models. The magnitude of the maximum peak strain that corre-
sponds to a factor of safety of approximately 1.5 is on the order of
8%. This magnitude of geosynthetic strain is higher than typical
strain levels reported in the literature for full-scale structures
under working stress conditions~on the order of 1%, as shown in
Fig. 3!. However, this discrepancy can be easily explained be-
cause the factors of safety of the centrifuge models in the figure
were defined using the ultimate reinforcement tensile strength and
the plane strain soil shear strength. Instead, the field performance
of full-scale structures under working stress conditions corre-
sponds to the factors of safety defined using design reinforcement
and soil strength parameters. This is relevant, particularly consid-

Fig. 11. Location of reinforcement maximum peak strain for Models B18, B12, D12, and S9~FS approximately 1.5!
ering th
strength

s a
to d
bilit
e ty
lts t
tre

y d
ase
und
gh
tren
ty m

D G
e major differences between ultimate and design tensile
parameters in geosynthetic reinforcements. These differ-

re due to~1! the use of comparatively high reduction fac-
efine design tensile strength values accounting for creep,
y, and installation damage~combined reduction factors
pically from 5 to 10! and ~2! the use of unconfined test
o characterize the reinforcement tensile strength. The ten-
ngth used for the estimation of the factor of safety in this
id not account for reduction factors and did consider an
d ultimate tensile strength exhibited by nonwoven geotex-
er the confinement of soil~Zornberg et al. 1998b!. Al-

the amount of data presented herein is limited, the consis-
d shown in Fig. 12 suggests that the calculated factor of
ay be a good indicator of the maximum peak strain and,

EOENVIRONMENTAL ENGINEERING / JANUARY 2003 / 43
ence
tors
dura
rang
resu
sile s
stud
incre
tiles
thou
tent
safe

Reinforcement maximum peak strain with increasing factor
for Models B18, B12, D12, and S9

JOURNAL OF GEOTECHNICAL AN



possibly, of the deformability of geosynthetic-reinforced soil
slopes.
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sions

ge testing and digital image analysis were undertaken in
o assess the strain distribution within geosynthetic-
ed slopes under prefailure conditions. Although data from
ented full-scale structures is scarce, available information
t support current design assumptions regarding the distri-
f reinforcement peak tension with height. This investiga-

used on determining this distribution using reduced-scale
subjected to increasingg levels~i.e., decreasing factors of
Because of major difficulties associated with the use of

instrumentation to monitor strains within geosynthetic
ements, digital image analysis techniques were imple-
in this study. The following conclusions can be drawn
analysis of the data collected as part of this investiga-

ysis of available strain monitoring results from full-scale
ynthetic-reinforced soil slopes suggests that the location

reinforcement maximum peak strain does not occur near
e of the structure, as assumed by current design methods.

ysis of strain results collected using digital image analysis
reduced-scale geosynthetic-reinforced soil slope models
indicates that the location of the reinforcement maximum
strain does not occur near the toe of the structure.
einforcement peak strain in geosynthetic-reinforced slope
ls tested in this investigation was consistent with the
urden pressures along potential failure surfaces. Accord-

, the reinforcement maximum peak strain was located ap-
mately at the point along the potential failure surface

the crest of the slope, i.e., where overburden pressures
ighest.
oid functions were useful to estimate the reinforcement
distribution as the derivative of the smoothed displace-
function.

pattern of reinforcement peak strain with height obtained
refailure conditions was similar to that obtained for fail-
onditions.
ar magnitude and location of the reinforcement maxi-
peak strain was obtained for the different geosynthetic-
rced models, even though the models had different rein-

ment layout, different backfill soil densities, and different
rcement tensile strength.

estimated factor of safety was a good indicator of the
mum peak strain values in the reinforcements for
ynthetic-reinforced slopes built with different configura-
.
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