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Abstract This paper describes construction and instru-

mentation of two 1.65-m high reinforced embankment

models that were tested at two different gravitational water

contents (GWC) on the dry and wet sides of the optimum

moisture content (OMC); i.e. OMC-2 % and OMC?2 %.

The embankment models were constructed using a clayey

sand that was reinforced with four layers of instrumented

geotextile with a uniform vertical spacing of 300 mm.

Each model embankment was subjected to a line surcharge

load (strip footing) near its crest until failure. The magni-

tudes of GWC, earth pressure, geotextile strains, footing

settlement and embankment deformations were measured

using EC-5 sensors, earth pressure cells, wire poten-

tiometers, linear variable deferential transformers and ref-

erence plates, respectively during the construction and

loading phases of each test. The GWC values in each

model embankment were measured using EC-5 sensors and

the oven drying method to ensure that they were close to

the target values. Slope stability analysis was carried out to

study the equilibrium of embankment models and to vali-

date the predicted bearing capacity and factor of safety

results against the experimental data. Results of this study

show that the embankment model constructed on the dry

side of OMC (i.e. OMC-2 %) had a 10 % greater ser-

viceability failure load than the model built at OMC?2 %.

Meanwhile, stability analysis results indicate that the

bearing capacity of an unreinforced model embankment at

OMC-2 % would be 72 % lower than that of the corre-

sponding reinforced model. It is also found that com-

paction-induced energy could increase the earth pressure

within the embankment by up to 70 % of the vertical stress

in the soil mass due to gravity.

Keywords Reinforced soil embankments � Unsaturated
marginal soils � Soil-reinforcement interface � Bearing

capacity � Geotechnical instrumentation � Moisture

reduction factor � Stability analysis

Introduction

Landslides and slope failures along highways are often

reconstructed and repaired using locally available soils that

can contain significant amounts of fines due to otherwise

prohibitive costs of producing and transporting free-

draining coarse-grained materials. One of the established

and cost-effective remedial construction methods to stabi-

lize slopes and embankments in highway and urban

development projects involves the use of geosynthetic

reinforcement. However, one main concern in using soils

with considerable amounts of fines (e.g. greater than 15 %)

in reinforced soil structures is that their stability and per-

formance are susceptible to variations in their moisture

content. Concerns related to the use of fine-grained and

marginal quality soils in geotechnical construction such as

strain-softening behavior, loss of strength and excessive

deformation have been discussed extensively in the litera-

ture [1–18]. However, the influence of moisture content on
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the shear strength and performance of marginal soil-

geosynthetic reinforcement interface has not been investi-

gated adequately to lead to reliable design.

As part of a long-term research study, the authors have

investigated the influence of suction and moisture content

in different marginal soils on the soil-reinforcement

interface behavior through a series of multi-scale direct

shear and pullout tests in the laboratory [5, 6, 8–11, 13].

In those studies, a moisture reduction factor (MRF) was

introduced to quantify the anticipated loss in the soil-re-

inforcement interface shear strength as a result of

increased moisture content in the soil due to factors such

as precipitation and water infiltration. More recently, the

authors extended their database of MRF values to those

obtained from reduced-scale embankments [5, 12]. It was

found that embankment-based MRF values were consis-

tent with those obtained using the elemental interface

shear tests (i.e. direct shear and pullout tests) in earlier

studies. It was also found that the interface shear strength

could decrease by as much as 50 % if the gravitational

water content (GWC) in the soil increases from

OMC-2 % to OMC?2 %, which could lead to excessive

deformations or even instability of the embankment

structure due to wetting.

The study reported in this paper extends the authors’

earlier findings to the measured performance of large-scale

reinforced embankments that were constructed with a

marginal quality soil (clayey sand) at two different GWC

(i.e. OMC-2 % and OMC?2 %). Slope stability analysis

was carried out using GSTABL [19] and the results were

validated against the measured data. The contribution of

reinforcement in the stability of model embankments was

subsequently investigated through additional stability

analysis of reinforced versus unreinforced models

Large-Scale Test Facility

Figure 1 shows the large-scale outdoor test facility that was

used to carry out the embankment tests reported in this

paper. The external dimensions of the reinforced concrete

test box are 5 m (L) 9 3 m (W) 9 2.8 m (H). The walls of

the test facility are 0.3 m thick on all three sides and the

test box is flanked by two buttress columns that support the

steel loading frame and two 180-ton-capacity hydraulic

cylinders. The reinforced concrete floor of the box provides

a rigid foundation for the model walls and embankments

that are constructed and tested in the facility. An earthen

access ramp was built on the east side of the test box to

facilitate the transportation and placement of the soil inside

the box during construction. The sidewalls of the test box

were coated with polyurethane to reduce the friction with

the embankment soil during the tests.

Materials

Soil

The soil used in this study was a clayey sand which con-

tained 2 % (by weight) of a high grade sodium bentonite

commercially known as SUPER GEL-X. The bulk of the

sandy soil had been obtained from a local highway inter-

change project in Norman, OK, after a period of search for

a source of low-plasticity soil in significant quantities

(approximately 40 cubic meters) for the outdoor embank-

ment tests in this study. However, the soil from this borrow

source was essentially non-plastic whereas in this study

Fig. 1 a Large-scale outdoor test facility for reinforced soil walls and

embankments at OU; b ramp for transporting soil to the test box using

a front loader; c loading assembly
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some plasticity was desired to represent a marginal quality

soil that would exhibit measureable change in matric suc-

tion over the range between OMC-2 % and OMC?2 %.

Therefore, several trial percentages of sodium bentonite

were blended with the sandy soil before a suitable blend of

soil was obtained for the embankment tests with the

properties as listed in Table 1. A series of sieve analysis

and hydrometer tests were carried out on the blended soil

according to ASTM D422 and ASTM D1140 [20, 21] with

the results as shown in Fig. 2. The blended soil is classified

as SC according to the unified soil classification system

(USCS) with 500–900 kPa of suction for the GWC values

within the range between 8.1 and 12.1 %.

Reinforcement

A woven polypropylene (PP) geotextile (Mirafi HP370)

was used as the embankment reinforcement in the large-

scale tests. Selected properties of the HP370 geotextile in

machine direction (MD) and the shear strength of its

interface with the embankment soil are given in Table 2.

Construction of Model Embankments

Before the construction of the test embankments, the

embankment soil was prepared by spreading the calculated

amount of the sandy soil for every two lifts from the bor-

row source near the test facility and taking five samples

from three levels (top, middle and bottom) to determine its

initial GWC value. Then, 2 % by weight of SUPER GEL-X

and a target amount of water was added to the sand and

mixed using a tractor-tiller to reach the target GWC value

(i.e. OMC-2 % or OMC?2 % depending on the test case).

Afterwards, additional samples were taken from the blen-

ded soil to determine its actual GWC value for verification

using the oven drying method [22].

The blended soil was subsequently transported to the

test box through an access ramp using a front loader

machine (Fig. 1b) and was compacted in 11 150-mm lifts

to 95 % of its maximum dry unit weight (cdmax = 20.6 kN/

m3) using a pneumatic rammer. Regular soil samples were

taken throughout the construction process to ensure that the

soil density and GWC values remained consistently near

their target values within the embankment.

The embankment was reinforced with four 1500 mm-

long instrumented geotextile layers at a uniform spacing of

300 mm. Compaction of each soil lift took approximately

45 min. Then, several brass tube samples at seven different

locations throughout each lift were taken to determine the

as-compacted GWC and dry unit weight (i.e. degree of

compaction) for each lift using the oven-drying [22] and

rubber balloon [23] test methods (Fig. 3). The soil density

and GWC values for each lift were measured twice; i.e.

immediately after compaction and immediately before the

placement of the following lift. Figure 3a shows the

marked-up geogrid template that was used to take

Table 1 Properties of the embankment soil (blended sand-SUPER

GEL-X) used in this study

Property Value

Liquid limit (%) 25

Plastic limit (%) 17

Plasticity index (%) 8

Specific gravity 2.65

Gravel (%) 36.2

Sand (%) 37.1

Silt (%) 21.7

Clay (%) 5

Maximum dry unit weight (kN/m3)a 20.6

Optimum moisture content (%)a 10.1

Cohesion at OMC-2 % and OMC?2 % (kPa)b 12.2, 10.8

Friction angle at OMC-2 % and OMC?2 % (�)b 37.5, 34.3

Suction at OMC-2 % and OMC?2 % (kPa)c 500, 900

a Modified proctor tests [28]
b Shear strength properties of the soil were determined according to

ASTM D3080 [29]
c Suction values were measured using WP4 dewpoint potentiometer
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Fig. 2 a Gradation curve from sieve analysis and hydrometer tests on

the embankment soil; b compaction curve from modified Proctor

tests. Dashed line indicates the location of 0.075 mm
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consistent soil samples from the embankment during con-

struction. At the end of each day throughout the con-

struction stage, the embankment was covered with a heavy-

duty tarp to preserve the soil moisture content. After the

embankment was fully constructed, the facing slope was

trimmed to the target slope angle of 69.5� from horizontal

to complete the construction stage before the model was

subjected to surcharge loading. This facing angle was

selected as the steepest reinforced soil slope as classified by

FHWA guidelines [24] so as to instigate the largest

deformations possible for the applied loading.

Instrumentation

Several different sensors were used to measure the soil

gravimetric water content (GWC), earth pressures,

embankment deformations and geotextile strains (Figs. 4,

5). Nine EC-5 sensors were used near the soil-geotextile

interfaces to monitor the GWC values during construction

and loading stages of the tests. EC-5 sensors are capable of

continuous reading of the soil volumetric water content

which is related to the GWC through the following

relationship:

hv ¼ w�
qd
qw

; ð1Þ

where hv is the volumetric water content (VWC), w the

gravimetric water content (GWC), qd the dry density of the

soil, qw the density of water.

Three EPC sensors were used to measure the vertical

pressure within the soil and three LVDTs were used to

monitor the vertical deformation of embankment surface

near the loading beam. Two WPs were used to measure the

footing settlement 10 mm from each end of the loading

beam. Facing deformation was measured using eight

25-mm square plates that were mounted on the embank-

ment facing at the end of construction and additional direct

measurements that were taken using tape measure and level

from two observation (reference) poles that had been

installed in front of the facing (Fig. 4). Additionally, 16

wire potentiometers (WP) were collectively attached to the

four reinforcement layers to determine their global strains

(Fig. 5).

Loading of Model Embankments

The target location of the loading beam on the top of the

embankment with a plan area of 2.35 m (L) 9 0.20 m

(W) was first leveled to prevent any rotation of the beam

during loading. Then, the beam was moved to the test box

using a forklift and it was placed on the embankment at a

distance of 455 mm from the crest (center of loading beam

to the crest). Then, two 200-ton-capacity load cells that had

been calibrated were placed on the loading beam and were

tied to the reaction beam using two long chains to secure

them in place upon embankment failure. The surcharge

load on each model embankment was applied using two

200-ton, 300-mm stroke hydraulic cylinders (Enerpac

Model CLRG-20012) and an Enerpac electric pump

(Model ZU4420SB) as shown in Fig. 1c. The loading was

applied in 15 kPa increments while the beam settlement

and embankment facing deformations were monitored.

Subsequent load increments were applied only after the

loading beam and embankment deformations stabilized

following each load increment. This process was repeated

until a clear and continuous slip surface was started from

the top of the embankment and extended to the slope.

Results

GWC and Density of the Embankment Soil

Figures 6 and 7 show example distributions of the soil

gravimetric water content (GWC) in each lift within the

Table 2 Properties of the woven geotextile reinforcement used in the embankment tests (Mirafi HP370) and its interface with embankment soil

Property ASTM test method Unit HP370 MARV/

MaxARV (MD)

Ultimate tensile strength D4595 [30] kN/m 52.5

Tensile strength (at 5 % strain) D4595 [30] kN/m 21.9

Factory seam strength D4884 [31] kN/m 24.6

Permeability D4491 [32] mm/s 0.5

Permittivity D4491 [32] s-1 0.52

Apparent opening size (AOS) D4751 [33] mm 0.6

Soil-geotextile interface property

Interface adhesion at OMC-2 %, OMC and OMC?2 % D5321 [34] kPa 17.9, 12.4, 11.7

Interface friction angle at OMC-2 %, OMC and OMC?2 % D5321 [34] (�) 27.8, 24.9, 21.8
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Fig. 3 a Marked-up geogrid

template indicating sampling

locations for moisture content

and density in each compacted

lift (dimensions in mm); b brass

tube samples to measure soil

density; c rubber balloon

measurement of soil density

Int. J. of Geosynth. and Ground Eng. (2015) 1:22 Page 5 of 16 22

123



model embankments as measured using oven-drying

method and EC-5 sensors at locations 1 through 7 (Fig. 3a)

during construction and after the completion of the loading

phase. Results in Figs. 6 and 7 indicate that the GWC

values throughout the model embankments deviated from

the target values by as much as approximately 1.5 % on

either side of the OMC. However, given that processing of

the soil and setting up and carrying out the tests were all

carried out outdoors and the length of time that was needed

to complete the entire operation, it can be concluded that

by and large, the GWC values throughout the model

embankments were stable and uniform during both the

construction and loading phases as practically as possible

for outdoor embankment models.

Figure 8 shows the variations in the soil dry density and

degree of compaction throughout the embankment at

OMC-2 % measured using oven-dried samples and rubber

balloon methods at locations 1 through 7. Care was taken

to compact each lift with equal amount of energy (i.e. equal

passes of compactor equipment). However, measured val-

ues for the degree of compaction in Fig. 8 indicate that the

degree of compaction over the entire embankment varied

between 85 and 89 % (equivalent densities between 1750

and 1835 kg/m3, respectively). Apart from the natural

spatial variation of density throughout the embankment, the

observed difference could partly be attributed to possible

disturbance of the local soil during sampling. Nevertheless,

results shown in Fig. 8 show an overall mean density value

of 1790 kg/m3 (equivalent to 87 % degree of compaction)

with a ±2.5 % variation around the mean value, which

could be regarded as acceptable for field construction.

Load-Settlement and Earth Pressure Response

Figure 9 shows the load-settlement data for the model

embankments constructed at OMC-2 % and OMC?2 %.

The settlement results are the mean values of two wire

potentiometers that were mounted near the two opposite

ends of the loading beam as shown in Fig. 1c. The vertical

wire potentiometers recorded comparable settlements

throughout the loading phase with the maximum differen-

tial settlement equal to 3 mm. The serviceability failure

loads of the two embankments based on a 25-mm settle-

ment criterion and the ultimate failure loads based on

precipitous increase in settlements are also shown in Fig. 9.

Results in Fig. 9 indicate that the serviceability failure

pressure of the drier embankment based on a 25-mm set-

tlement criterion is 440 kPa which is 10 % greater than the

failure pressure for the wetter embankment. However, the

wetter embankment eventually failed at an ultimate pres-

sure of 600 kPa which is 33 % greater than the ultimate

pressure measured for the drier embankment. The authors

believe that the as-placed moisture content, density and

sodium bentonite concentration are among the most

important factors that could have influenced the embank-

ment soil properties and performance. In both test

embankments, the moisture content and density of the soil

were continuously measured for each lift using different

methods. The corresponding data which are shown in

Figs. 6, 7 and 8 are judged to be consistent and well within

the target values for an outdoor test embankment. There-

fore, since the type and quantity of the reinforcement and

the construction method were also the same between the

two test embankments, one plausible explanation for an

ultimately larger failure load for the wetter embankment

could be a slightly larger amount of sodium bentonite that

might have inadvertently been blended with the soil during

the soil processing phase of the construction operation near

the test facility. Results of several previous studies (e.g.

[25]) have also shown that the performance and stability of

reinforced soil embankments and retaining walls can be

highly sensitive to the amount of cohesion in the

embankment soil, which would be consistent with these

test results. This observation indicates that cohesion has a

significant contribution in the stability of embankments and

reinforced soil slopes. As a result, a series of slope stability

analyses was carried out to predict the failure load for the

model embankment that was constructed at OMC?2 %

with an identical amount of bentonite blended with the

Fig. 4 a Trimming of model embankments facing to the target slope

angle; b locations of reference plates on the facing to measure its

deformations
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original sandy soil. Details of those analyses are discussed

later in this paper.

On the other hand, comparison of the load-settlement

results for the two embankments in Fig. 9 indicate that the

wetter embankment (built at w = 12.1 %) exhibited a

48 % softer initial response as compared to the

embankment that was built at w = 8.1 %. In other words,

the larger failure load in the case of the model at

OMC?2 % was obtained at the expense of larger defor-

mations in the embankment. Therefore, another possible

explanation for larger ultimate load that was measured for

the wetter embankment is that the dipping slip plane behind

Fig. 5 Instrumentation plan for two reinforced embankment tests:

a Schematic cross-sectional view of the sensors; b plan views of WP

extensometers at different levels; (1) all dimensions are in ‘‘mm’’, (2)

all reinforcement layers were 1500 mm long, (3) dimensions and

locations of sensors are not to scale
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the loading beam in the wetter embankment might have

been intercepted by the top reinforcement layers farther

away from the facing than in the drier embankment. As a

result, even though as evidenced by the data in Fig. 9, the

wetter embankment consistently showed lower stiffness

and load-bearing capacity throughout the entire test period

for the drier embankment (due to weaker soil and soil-

reinforcement interfaces), a larger soil-reinforcement

interface area in the wetter embankment case eventually

mobilized larger reinforcement load leading to a greater

ultimate failure load albeit at larger deformation. Deter-

mination of the actual reason for the greater ultimate fail-

ure load of the wetter embankment (although at larger

deformation) would require further testing and analysis in a

future study.

Figure 10 shows the measured (from the EPC sensors)

and predicted (i.e. r = cz) earth pressure values within the

embankment during construction and surcharge loading

phases of the tests. Results in Fig. 10a indicate that mea-

sured earth pressures at all three locations in the embank-

ment that was tested at OMC-2 % were significantly

greater than the corresponding theoretical values. Addi-

tionally, the measured vertical pressures did not increase
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linearly with the number of lifts that were placed during

construction. These observed differences could be pri-

marily attributed to the influences of factors such as the

weight and dynamic loading of compaction equipment and

construction crew during the construction activity.

It is also observed that the differences between the

measured and predicted vertical earth pressures at all

locations shown in Fig. 10a are more significant earlier on

during the construction period and decrease toward the end

of construction. This can be attributed to the fact that the

influence of construction activity on each EPC diminished

as more layers of soil were placed over each sensor during

construction. The magnitude of vertical earth pressure at

the bottom of the embankment as measured by EPC 1 at the

end of construction was 38 kPa which is only 20 % greater

than the corresponding theoretical value.

Results in Fig. 10a also show that the maximum dif-

ference in vertical earth pressure at the end of construction

due to construction activity was recorded by EPC 2 which

is approximately 40 % of the measured total earth pressure

value. Results shown in Fig. 10b, c indicate that the values

of maximum recorded earth pressure at failure at mid-

height of the slope (EPC 3) were approximately 35 and

20 kPa for the test cases at OMC-2 % and OMC?2 %,

respectively. These values were approximately 75 and

30 % of the values measured by EPC 1 and 2 in the

embankment models constructed on dry and wet sides of

OMC.

It is worth nothing that the embankments were initially

built with a much steeper slope (nearly vertical) to facili-

tate construction and the facing slope was trimmed to the

target slope angle as was stated previously. Therefore, the

full height of the soil above EPC 3 up to the embankment

surface was still practically in existence at the end of

construction until the facing was trimmed before the

loading phase of the tests started. As a result, the over-

burden pressure on EPC 3 that was calculated based on the

soil weight during construction is not believed to have been

influenced significantly by the slope. Also, each pressure

cell was placed at the target location within the embank-

ment at the start of the corresponding lift and was indi-

vidually calibrated using a known weight and the data was

recorded using its data acquisition system.

Embankment Deformations

Deformations of model embankments near the loading

beam were measured using LVDTs at three different

locations along the centerline of the model embankment.

Figure 11 shows measured settlements of the embankment

top surface during surcharge loading. Results indicate that

the embankment surface behind the loading beam (LVDT

2) settled consistently throughout the loading stage but

started to dilate at load levels approaching the failure load.

In contrast, LVDT 1 results in Fig. 11 indicate that the

embankment crest started to heave once the embankment

was subjected to the strip footing load. The heaving con-

tinued throughout the test but started to reverse into set-

tlement when the embankment approached failure. The

LVDT 3 data indicate that the vertical displacement of

embankment surface just outside the reinforced mass (i.e.

1345 mm behind the loading beam) was negligible (less

than 0.1 mm at failure load). The LVDT results on the
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deformation of the embankment top surface subjected to a

strip footing load as described above are consistent with the

authors’ recent data on reduced-scale embankment models

[5–12].

Figure 12a, b show measured facing displacements of

the model embankments constructed at OMC-2 % and

OMC?2 %, respectively. Reference plate numbers that

were used to measure facing displacements are indicated in

the inset (also see Figs. 4b, 5a). Two additional plates were

mounted at the crest level. However, they fell off the facing

during surcharge loading of the embankment at

OMC-2 %. Results in Fig. 12 indicate that the deforma-

tion of the embankment facing under the strip footing load

was highly concentrated near the top (i.e. in the vicinity of

the 4th reinforcement layer). Essentially, a failed block slid

outward over the 3rd geotextile layer by an average dis-

tance of 131 mm (116 and 146 mm on the east and west

sides of the embankment, respectively) in the embankment

built at OMC-2 % when the test was terminated. The

corresponding average slide for the model at OMC?2 %

was 47 mm.

Geometry of Slip Surface and Geotextile Strains

At the end of each loading test, the loading assembly was

removed and excavation was started by carefully removing

the soil within the failure wedge. Figure 13 shows a traced

geometry of the slip plane during embankment excavation

after the end of the surcharge loading phase. The failure

wedge in the reinforced mass originated behind the loading

beam on the surface of the embankment leading to a dip-

ping slip plane which was intercepted by the top two (i.e.

3rd and 4th) geotextile layers as shown in Figs. 13 and 14.

These figures indicate that the failure geometry was com-

plex and involved a combination of soil shearing, pullout

interaction and interface shearing along the top geotextile

reinforcement in addition to interface shearing between the

soil and the third geotextile layer. The traced geometry of

the slip plane in Fig. 13 also indicates that the scarp of the

failure plane behind the loading beam was not parallel to

the slope face, which could partly be due to the influence of

friction between the embankment and the sidewalls of the

test box. It is worth noting that the test embankments were

designed using numerical simulations with test data on

component materials such that the failure plane originating

from the loading beam and extending toward the
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embankment slope would not bypass the reinforced mass

altogether and would be intercepted by one or more rein-

forcement layers. Results and observations in Figs. 13 and

14 confirm that this objective has been achieved. More-

over, these results clearly show that the failure mechanism

in the model embankments was indeed influenced by the

slope, in contrast to the case of footings on level reinforced

foundations.

Figure 15a shows local displacements of the top (4th)

geotextile layer and Fig. 15b shows the corresponding

strain distributions at failure load (i.e. 450 kPa) over the

length of all reinforcement layers for the test on the

embankment at OMC-2 %. Results in Fig. 15b show that

the top geotextile reinforcement experienced a maximum

strain of 2.4 % at the front end which decreased to 0.4 %

toward its tail end. The strain distributions in the top

reinforcement layer which experienced pullout are consis-

tent with those from authors’ earlier study on large-scale

pullout tests [5, 6].

Slope Stability Analysis

Methodology

A series of slope stability analyses was carried out using

GSTABL [19] to study the stability of reinforced

embankments in the outdoor testing program. The

embankments were modeled at two different GWC values

of OMC-2 % and OMC?2 %. The results for the

embankment constructed at OMC-2 % were validated

using the first large-scale test described in this paper. The

stability of an otherwise identical reinforced embankment

constructed at OMC?2 % was subsequently predicted

using the GSTABL program.

Several methods were used in the stability analysis

including the Janbu method of slices, the general limit

equilibrium (GLE) and the Bishop method. In contrast to

the GLE and Bishop methods which satisfy moment and

force equilibriums (the Bishop method does not satisfy

horizontal force equilibrium), the Janbu method does not

satisfy moment equilibrium and only includes equilibrium

of vertical and horizontal inter-slice forces. However, it

1st geotextile layer

2nd geotextile layer

3rd geotextile layer

4th geotextile layer

Footing
Slip plane

965

505

105

180

105

400

325

2400

Fig. 13 Failure plane geometry as traced after careful excavation of

the failed block at the end of the test constructed at OMC-2 %. All

dimensions are in ‘‘mm’’

Fig. 14 Failure wedge in the embankment model tested at

OMC-2 % (see the diagram in Fig. 13): a Initiation of slip plane

on embankment surface; b (view from the top) excavated part of

failure wedge above the 4th (top) geotextile layer; c (view from the

top) extension of slip plane underneath the 4th geotextile layer; and

d excavated part of slip plane shown in ‘‘c’’ which slid over the 3rd

geotextile layer
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was found that stability calculations using the Janbu

method were more reasonable and comparable to the

experimental data in this study.

A series of pullout tests using small-scale direct shear

test apparatus (i.e. 60 mm square test box; [5, 6, 13, 26])

was carried out on the embankment soil at different GWC

(i.e. OMC-2 % and OMC?2 %) and overburden pressure

values (i.e. 50, 75 and 100 kPa) to determine the pullout

capacity of the geotextile reinforcement per unit width (Pr)

for GSTABL analysis. The gravel fraction (i.e. particles

greater than Sieve #4 [4.75 mm]) of the soil had been

removed for these tests. Table 3 shows the results of

pullout tests on the HP370 geotextile reinforcement in the

soil that was used in the reinforced embankment tests and

the corresponding MRF values. Table 4 shows the input

parameters used in the GSTABL stability analysis to sim-

ulate different test cases. The average vertical stress on

each reinforcement layer at the laboratory failure load was

determined using the Boussinesq method [27] and the Pr

values were either interpolated or extrapolated as applica-

ble from the pullout test results. The Pr values were

determined by prorating the pullout capacity values Pr_p by

the ratio Le/Lp in the form:

Pr ¼ Pr p � Le=Lp; ð2Þ

where Le and Lp are the reinforcement lengths in the

embankment models and in the pullout tests, respectively.

The prorating of pullout capacity according to the embed-

ment depth in Eq. 2 is based on the assumptions that: (1) the

strain distribution in the extensible geotextile reinforcement

used in this study is represented by a practically constant

scale correction factor a regardless of the reinforcement

length and, (2) the pullout resistance factor equals

F* = tand in which d is the soil-reinforcement interface

friction angle. The first assumption is supported by the

authors’ previous studies indicating that the value of a for

the geotextile reinforcement material used in this study in

different marginal soils varied over a fairly narrow range

between 0.50 and 0.64 [5, 6, 8–11]. The second assumption

is consistent with the FHWA recommendations [24].

Results

Model Embankment Constructed at OMC22 %

Figure 16 shows the predicted factor of safety and failure

geometry from the GSTABL analysis for the model

embankment at OMC-2 % using the Janbu method after
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Fig. 15 a Local displacements of the top (4th) geotextile layer as

measured using five wire potentiometers in the embankment at

OMC-2 %; and b strains along the length of geotextile layers for the

embankment at OMC-2 %

Table 3 Pullout test data and MRF values for the reinforced

embankment soil and the HP370 geotextile reinforcement at different

overburden pressures

Pullout strength Pr_p (kN/m)

Overburden pressure, rv (kPa) 50 75 100

OMC-2 % 0.9 1.4 1.8

OMC?2 % 0.7 1.1 1.4

MRF 0.77 0.78 0.78

Table 4 Input parameters used in the GSTABL stability analysis

Soil Geotextile Layer

1st 2nd 3rd 4th

OMC-2 %

c (kN/m3)

c kPað Þ

u (�)

19.3 Pr (kN/m) 33.8 39.2 46.7 56.4

12.2

37.5

OMC?2 %

c (kN/m3)

c kPað Þ

u (�)

20 Pr (kN/m)a 26.4 30.5 36.4 44.0

10.8

34.3

a Pr values in the embankment at OMC?2 % were calculated using

the following equation: Pr_OMC?2 % = Pr_OMC-2 % 9 MRF
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applying the observed experimental failure pressure (i.e.

450 kPa). Results in Fig. 16a indicate that the analytical

slip plane intercepted the top geotextile layer and slid over

the third reinforcement, which in this sense is consistent

with the observations in the actual large-scale test. Also,

the factor of safety obtained from GSTABL (i.e.

FS = 1.086) is reasonably close to unity, indicating

impending failure. A possible improvement in both the

predicted geometry of failure and the corresponding factor

of safety is expected by exploring other failure geometries

(e.g. a multi-part wedge analysis as opposed to a circular

geometry) which is reserved for future work.

In order to quantify the contribution of reinforcement in

the stability of the model embankment, the failure load of

an equivalent unreinforced model corresponding to a factor

of safety of 1.086 was determined to be 127 kPa

(Fig. 16b), which is 72 % smaller than the value obtained

for the reinforced embankment.

Model Embankment Constructed at OMC12 %

Figure 17 shows the predicted slip surface and factor of

safety for the model embankment at OMC?2 % subjected

to the laboratory failure pressure of 450 kPa. Results in

Fig. 16 GSTABL slope

stability analysis results (critical

slip surfaces and factors of

safety = 1.086) for the model

embankment constructed at

OMC-2 %: a Predicted FS for

the reinforced embankment

subjected to observed failure

pressure; b predicted failure

pressure for an equivalent

unreinforced embankment with

an identical FS value
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Fig. 17 indicate that the measured strength properties of the

embankment soil and the corresponding MRF values for

the soil-geotextile interface for the case of OMC?2 % (as

given in Tables 1, 3) would have resulted in a reduction in

the factor of safety of the reinforced embankment slope

from 1.086 for the case of OMC-2 % to 0.937. This

indicates that the embankment constructed at OMC?2 %

but with the exact amount of bentonite in the soil blend

(2 %) should have become unstable before the failure load

would reach 450 kPa that was measured for the

OMC-2 % model.

Figure 18 shows that the surcharge load needed to reach

the same factor of safety obtained for the OMC-2 %

model (FS = 1.086) for the case of embankment con-

structed at OMC?2 % is 320 kPa. This indicates that a

22 % reduction in the soil-geotextile interface strength

(MRF = 0.78) together with reduced shear strength prop-

erties of the soil as a result of wetting could result in a

14 % reduction in the factor of safety of the reinforced

embankment at OMC?2 % as compared to the model

constructed at OMC-2 %.

It is worth noting that in their long-term research pro-

gramme leading to the present study, the authors have

carried out numerous pullout and interface tests to establish

the validity and accuracy of their small-scale interface tests

which were used for the stability analyses reported in this

paper relative to the comparable tests at much larger scale

(e.g. [5, 6, 13]). Those results indicated that the small-scale

cell that was used in those tests was adequate for the

geotextile and the fine-grained soils that were the focus of

those studies. Additionally, the slope stability results in

Figs. 16 and 17 show reasonable agreements with the

observed behavior in that, even with a predetermined cir-

cular geometry, both the overall size/extent of the slip

plane within the reinforced embankment and the corre-

sponding factors of safety are comparable with the exper-

imental observations.

Therefore, the test data and analysis presented here have

practical implications for practicing engineers and field

projects by indicating that in the absence of a series of

carefully instrumented large-scale test models that is typ-

ically the case for a given reinforced soil slope project,

relatively simple and more routine analysis approaches

could have the capability to predict the extent of failure

geometry and factors of safety reasonably well provided

that fairly accurate soil, reinforcement and interface prop-

erties are used in the analysis. In the case of fine-grained,

marginal soils reinforced with geotextiles, those properties

could be obtained using more commonly available and

affordable test equipment at smaller scale without signifi-

cant concerns about the scale effects.

Summary and Conclusions

Two large-scale [3.7 m (L) 9 2.4 m (W) 9 1.65 m (H)]

reinforced soil model embankments were constructed in an

outdoor test facility to study the influence of their gravi-

tational water content (GWC) on their stability and per-

formance when subjected to a strip footing load near their

Fig. 17 Predicted slip plane

and factor of safety

(FS = 0.937) for the reinforced

model embankment constructed

at OMC?2 % and subjected to

observed failure pressure from

GSTABL analysis
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crest. These tests were part of the authors’ long-term study

on the influence of suction and moisture content on the

shear strength of marginal soil-reinforcement interfaces

that had involved multi-scale testing of interfaces and

reduced-scale model embankments. The soil used in the

study was a clayey sand (SC) that contained 2 % by weight

of sodium bentonite to represent a low-plasticity marginal

quality soil in the field. One embankment was constructed

at OMC-2 % = 8.1 % and the other embankment was

built at OMC?2 % = 12.1 % to examine their compara-

tive performance on the dry versus wet side of the optimum

moisture content.

The embankments were instrumented to measure their

facing deformation, settlements near the applied line load,

earth pressures in the reinforced mass and moisture content

throughout the embankment. Additional measurements

were taken to determine the soil density and moisture

content during and after construction as well as facing

deformations during the loading phase of the tests.

The outdoor test facility allowed the embankments to be

constructed in conditions resembling those encountered in

the field while affording the researchers a comparatively

controlled environment to instrument the models and study

the influence of specific factors (such as moisture content

and suction) on the embankments’ stability and perfor-

mance. The test facility was comprised of 300 mm-thick

reinforced concrete walls on three sides and a reinforced

concrete floor which formed a rigid foundation for the

embankments.

Comparison of load-settlement results for the two

embankments indicated that the wetter embankment (built

at w = 12.1 %) exhibited a 48 % softer elastic response as

compared to the embankment that was built at w = 8.1 %.

The serviceability failure load of the drier embankment

based on a 25-mm settlement criterion was 212 kN

(equivalent to 440 kPa) which was 10 % greater than the

failure load obtained for the wetter embankment. However,

the wetter embankment eventually failed at an ultimate

pressure of 600 kPa which was 33 % greater than the

ultimate load measured for the drier embankment. This

unexpected result was attributed to a slightly larger con-

centration of sodium bentonite that might have inadver-

tently blended with the sandy soil during the soil

processing phase of the construction operation.

The earth pressure data showed that the compaction-

induced energy during construction could be significant

(i.e. up to 0.7 ch; h depth of a target point in the

embankment measured from the top surface). Results of a

series of limit equilibrium-based stability analyses indi-

cated that the load bearing capacity of embankment model

constructed at OMC-2 % was 40 % larger when com-

pared to an otherwise identical model at OMC?2 %. The

same results also indicated that a 22 % reduction in the

soil-geotextile interface strength (i.e. MRF = 0.78) toge-

ther with reduced shear strength properties of the soil as a

result of wetting could result in a 14 % reduction in the

factor of safety of the reinforced embankment at

OMC?2 % as compared to the model that was constructed

at OMC-2 %. Also, peak reinforcement strain in the

model embankment at OMC-2 % was measured near the

facing which was less than 2.5 % at the corresponding

failure load.
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