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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS

SYMBOL, WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers |km?
VOLUME

fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m?
yd® cubic yards 0.765 cubic meters m?

NOTE: volumes greater than 1000 L shall be shown in m*

MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or Mg (or "t")
"metric ton")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux I
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS

Ibf poundforce 4.45 newtons N
Ibflin? poundforce per square  6.89 kilopascals kPa

inch



APPROXIMATE CONVERSIONS FROM SI UNITS

SYMBOL | WHEN YOU KNOW MULTIPLY BY TO FIND SYMBOL
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft3
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces 0z
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric |1.103 short tons (2000 T
ton") Ib)
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per  Ibf/in®
square inch

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to
comply with Section 4 of ASTM E380.
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EXECUTIVE SUMMARY

Oklahoma Department of Transportation (ODOT) and other departments of transportation in the
U.S. are continually faced with the persistent problem of landslides and slope failures along
highways. Repairs and maintenance work associated with these failures cost these agencies
millions of dollars annually. Reinforced soil technology can provide viable solutions to stabilize
or reconstruct highway slopes and embankments. However, one concern in internal stability of
reinforced marginal soils is the interface strength properties of reinforcement and soil when the
soil gravimetric water content (GWC) increases significantly. This increase can occur during
construction or due to prolonged precipitation. Wetting-induced reduction in matric suction and
loss of shear strength in the soil and soil-reinforcement interface could lead to excessive
deformation or complete failure of reinforced soil structures. In spite of such possibilities and
actual failure occurrences, current design guidelines and test protocols for reinforced soil slopes
(RSS) in North America do not include provisions to account for the reduction in the interface

shear strength due to increased gravimetric water content in the soil.

This study is part of a long-term research project sponsored by the ODOT and OKTC which is
aimed at developing design guidelines for reinforced soil slopes (RSS) that are constructed with
locally available soils in unsaturated conditions and subjected to climatic factors in Oklahoma.
The study described in this report involved construction and testing of three reduced-scale (1 m-
high) indoor embankments and two (2) larger scale (1.7 m-high) outdoor reinforced soll
embankments at OU to study their performance and to determine moisture reduction factors
(MRF) in an actual embankment configuration. The MRF values can be used to determine the
change in the soil-reinforcement interface shear strength in internal stability analysis of
mechanically stabilized earth (MSE) and reinforced soil slopes (RSS) with significant fines

content and thereby, make them more accurate and reliable.



1. INTRODUCTION

Landslides and slope failures along highways are a persistent problem across the U.S. Repairs
and maintenance work associated with these failures cost national departments of
transportation millions of dollars annually. In Oklahoma, many of these failures occur in the
eastern and central parts of the state due to higher topography and poor soil types (Hatami et
al. 2010a,b; 2011a,b). A recent example of these failures is a landslide on the US Route 62 in
Chickasha, Oklahoma. (Figure 1)

Embankment failure

() (b)

Figure 1. Failed slope of a highway embankment in Chickasha, OK

Design guidelines and specifications for Mechanically Stabilized Earth (MSE) structures in North
America recommend the use of coarse-grained soils to repair and stabilize highway slopes and
embankments (e.g. Elias et al. 2001; Berg et al. 2009). However, since coarse-grained soils are
not commonly available in Oklahoma and many other parts of the U.S., depending on the
location of the borrow source relative to the project site, the costs of the fill material and its
transportation can be prohibitive. In such cases, locally available soils could be considered as
alternative construction materials because they would require less fuel consumption and
generate less pollution compared to using high-quality offsite soils. It has been estimated that
fuel costs constitute about 20% of the total costs for transportation of high-quality soil (Ou et al.
1982). Overall, the use of marginal soils in reinforced soil structures [e.g. mechanically
stabilized walls (MSE) and reinforced soil slopes (RSS)] has been shown to reduce the cost of
fill material by up to 60% (Keller 1995). However, in order to reinforce embankment structures

that are built with marginal soils, it is important to obtain satisfactory soil-reinforcement interface



performance. The performance of marginal soils and their interface with geosynthetic
reinforcement can be complex under construction or service loading conditions. Typically,
reinforced soil structures are constructed at gravimetric water content (GWC) values near
optimum (i.e. Optimum Moisture Content - OMC). However, several factors could cause the fill
moisture content to deviate from the target value. Examples include precipitation during
construction, groundwater infiltration and development of excess pore water pressure due to
compaction. These factors, in addition to seasonal variations of soil water content, can
significantly reduce the strength of the soil-reinforcement interface and lead to excessive
deformations or failure during construction or service life of the structure. Therefore, reliable
design procedures should be able to account for the influence of matric suction on the strength
of the soil and the soil-geosynthetic interface and the resulting factors of safety against failure.
Such design provisions are currently not available for reinforced soil structures involving

marginal soils.

2. OBJECTIVE AND SCOPE

The main objective of this project was to extend and validate the moisture reduction factors
(MRF) for soil-reinforcement interfaces from pullout and interface shear tests in earlier studies
(Hatami et al. 2010a,b; 2011a,b) against the values obtained in actual embankment
configurations. The pullout capacity and interface shear strength of reinforcement in a soil mass
are important factors in stability analysis and design of reinforced soil structures. For internal
stability, pullout resistance of the reinforcement, P,, and interface shear strength of soil and

reinforcement are determined using Equations 1 and 2, respectively:
P;=F*acyLC @
T = C4 + 0, tand (2

Where F*, a,0%, L, C, 7, ¢, and § are pullout resistance factor, stress distribution correction factor,
effective vertical stress at soil-reinforcement interface, reinforcement anchorage length, effective
unit perimeter (e.g. C=2 for strips, grids and sheets), interface shear strength, interface adhesion
and interface friction angle, respectively. The hypothesis of this study is that changes in matric

suction and gravimetric water content due to wetting of the soil-reinforcement interface could



significantly influence the pullout capacity and interface shear strength of the reinforcement in
the soil as determined from Equations 1 and 2. Therefore, a moisture reduction factor, p(w), is
applied in Equations 1 and 2 to account for the variation of gravimetric water content and

suction on the unsaturated soil-reinforcement interface strength in the form:

Py omc+29 = [F* < 0,LeClomc—20 H(w) 3

Tomc+2% = [Cq + 0y tan 8lomc—20 (@) 4)

In a recent study by the authors and colleagues (Hatami et al. 2010a,b; 2011a,b), a moisture
reduction factor [MRF or u(w)] was developed for two different Oklahoma soils (i.e. Minco silt
and Chickasha clay) based on the results of pullout and interface shear tests (IST) in the
laboratory. The present study involved construction and testing of three reduced-scale (1 m-
high) indoor and two (2) larger-scale (1.7 m-high) outdoor reinforced soil embankment models

at OU to extend and validate the MRF values for actual embankment configurations.

3. EXTENDED MOHR-COULOMB FAILURE ENVELOPE

The shear strength of an unsaturated soil can be determined using two stress variables: net
normal stress (g,, — u,) and soil matric suction (u, — u,,) (Fredlund et al. 1978). The net normal
stress is the difference between the total stress and pore air pressure, and the matric suction is
the difference between the pore air and the pore water pressures. Miller and Hamid (2005)
proposed the following equation to determine the shear strength of unsaturated soil-structure

interfaces:
1, =Ch+ (0, —ug)tand’ + (u, — u,,) tan 6% (5)
Where:
C,: Adhesion intercept
o,: Normal stress on the interface
u,: Pore air pressure

6": Angle of friction between soil and reinforcement with respect to (o,, — u,)



u,,: Pore water pressure
5P: Angle of friction between soil and reinforcement with respect to suction (u, — u,,)

In the case of an unsaturated soil, Mohr’s circles representing failure conditions correspond to a
3D failure envelope, where the shear stress (1) is the ordinate and the two stress variables are
the abscissas (o, — u,) and (u, — u,,). The locations of the Mohr’s circles in the third dimension
are functions of matric suction (u, —u,,). The planar surface formed by these two stress

variables is called the extended Mohr-Coulomb failure envelope.

4. RELATED PREVIOUS STUDIES

A survey of literature related to reinforced soil embankments, walls and foundations that was

carried out during the course of this study is summarized in this section.

Bathurst et al. (2003) studied the performance of reinforced and unreinforced slopes under a
strip footing load. Their study showed that an increase in the reinforcement length and stiffness
increased the ultimate load capacity of the strip footing. Their results also indicated that the
bearing capacity of the reinforced embankment was up to two times as large as that of an

otherwise identical unreinforced embankment.

Zhang et al. (2003) evaluated the effect of synthetic fibers and non-woven geotextile
reinforcements on the stability of clay embankments. Their results showed that every unit
increase in the moisture content led to a 3% decrease in the shear strength of the reinforced
soil. The study concluded that fiber reinforcement could compensate for the loss of soil shear
strength caused by increases in the soil moisture content. The results also indicated that
repairing failed slopes with the nonwoven geotextile can decrease repetitive surface failures in

slopes of highly plastic soils.

Bueno et al. (2005) studied the field performance of retaining walls reinforced with non-woven
geotextiles. A series of nonwoven geotextile-reinforced soil structures was built and
instrumented to measure facing displacement, vertical settlement of backfill and reinforcement
strain. Their study also showed that the Finite Element Method could be a useful tool to predict
the response of geosynthetic-reinforced structures.



Zhan et al. (2006) studied the effect of rainfall infiltration on soil-water interaction in an
unsaturated expansive soil slope. Tensiometers, thermal conductivity sensors, vibrating wire
earth pressure cells and inclinometers were used to measure the soil matric suction, water
content, earth pressure and deformations of the slope. ThetaProbe is an in-situ sensor which
measures the volumetric moisture content of the soil by measuring its dielectric constant. The
measured changes are converted to a millivolt signal which is proportional to the soil moisture
content (or GWC). Zhan et al.’s results indicated that the horizontal displacement and pore
water pressure within the slope increased with rainfall. The data showed that the horizontal

stress also increased with swelling pressure.

Hossain and Sakai (2007) studied the effect of water content on the behavior of geogrid-
reinforced clayey backfill. The tests were performed for moisture contents between 6% and 33%
and normal stresses between 48 kPa and 192 kPa. Their results at the moisture content of
32.5% showed that the geogrid pullout strength increased from 75 kPa to 150 kPa by increasing
the normal stress from 48 kPa to 192 kPa. Their study also showed that the maximum
difference in pullout strength due to difference in water content occurred at the lowest normal
stress. The pullout strength at 6.6% water content was 2.3 times as large as the strength at the
water content of 32.5%.

Kumar et al. (2007) performed a series of tests on a strip footing rested on reinforced layered
sand to determine its ultimate bearing capacity. The foundation consisted of a strong sand layer
overlying a low bearing capacity sand deposit. They observed that replacing the top 1B-thick
layer of the weak soil (B is the strip footing width) with well graded sand reinforced with 2 to 4
layers of geogrid reinforcement could increase the ultimate bearing capacity of footing up to 4
times and reduced the footing settlement.

Yoo et al. (2007) evaluated the pullout capacity and drainage properties of three types of
geosynthetics (i.e. a geogrid, a geotextile and a composite reinforcement) in a weathered
granite backfill which contained a significant amount of fines between 25% and 33%. From the
results of their pullout tests and finite difference analysis, they concluded that tensile resistance
and deformation of the geosynthetic reinforcement was improved when the material included
drainage properties, i.e. composite reinforcement was used such as geogrids in combination

with geotextiles with good drainage capability.

Bilgin and Kim (2010) investigated the effect of reinforcement length and backfill properties on

reinforced soil wall deformations. Their results indicated that the reduction in reinforcement

6



length from 0.7H to 0.4H (H: height of the wall) could increase the wall deformation by more
than 80% and the reinforcement load by up to 20%. Their study also showed that an increase in

soil friction angle from 30° to 42° could reduce the maximum wall deformation by up to 50%.

Sawwaf and Nazir (2012) studied the behavior of an eccentrically loaded ring footing on a
geogrid-reinforced compacted sand which overlaid loose sand. Their test results showed that
the behavior of the ring footing considerably improved as the thickness and relative density of
compacted sand layer increased. Their investigation also confirmed that using geosynthetic
reinforcement could reduce the required thickness of compacted sand and/or lead to increased

bearing capacity of the footing.

Gill et al. (2013) performed a series of large-scale footing tests on geogrid reinforced coal ash
slope to study the effects of number of reinforcement layers and the footing setback from the
slope crest on load bearing capacity of the slope. Their results showed that increasing the
number of reinforcement layers improved the bearing pressure of footing as well as the stiffness
of foundation bed. However, the bearing capacity ratio became less significant when the
number of geogrids used in the slope exceeded 3. Their data also indicated that the footing
setback had a significant effect on the load bearing capacity of unreinforced and reinforced ash
slopes. Also, the authors showed that the bearing capacity of footing increased with the footing

setback for up to 3B (B: footing width) and beyond that the improvement became insignificant.

Kawamura et al. (2013) constructed a series of small-scale volcanic slopes followed by a large-
scale slope (i.e. H: 5 m, W: 2 m and L: 12 m) with the same soil to investigate the failure
mechanism and to monitor the slopes performance. Their results indicate that the depth of failed
wedge due to rainfall was deeper for a 45°-slope as compared to a 65° slope. It was also
observed that the first collapse in both slopes was generated at the toe of slope and afterwards,
a second failure was induced with an increase in the water level for each embankment
irrespective of its slope angle. The authors also concluded that the evaluation of soil moisture
content was important for slope stability analysis in all seasonal conditions.

Keskin and Laman (2013) performed a series of laboratory tests to evaluate the influences of
footing setback from the slope crest, slope angle and relative density of sand on the ultimate
bearing capacity of strip footings. Their study showed that the ultimate bearing capacity
increased with the setback distance and relative density of the sand, but it decreased with the

slope angle. Their results also indicated that at a setback distance of 5 times the width of the
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footing, the bearing capacity of the footing practically approached that of the same footing on a

level ground.

Kim and Lee (2013) studied the effect of rainfall on the stability of unsaturated weathered
granite slope in Korea. Results of their analysis indicated that the slope with higher initial suction
had greater initial factor of safety and the failure happened later than that with lower initial
suction. Their data also confirmed that a slope with higher saturated permeability was more

vulnerable to rainfall-induced landslide.

Yoo (2013) performed a numerical investigation on the effect of rainfall on the performance of
reinforced soil walls. Their results showed that a geosynthetic reinforced soil wall backfilled with
a marginal soil could experience significant deformations and reinforcement loads leading to
possible instability. It was observed that the wall displacement increased continuously up to 90
mm at the end of construction at the location of 1/3 H (H: wall height) from the base. It was also

observed that the reinforcement load increased during rainfall by as much as 8 KN/m.

Kibria et al. (2014) studied the performance of MSE wall models with a frictional backfill using
the Finite Element method. Their results showed that the reinforcement stiffness did not have a
noticeable effect in the 4 m-high wall model as compared to the 8 m and 12 m high models.
Their data indicated that for length/height ratio L/H = 1, increasing the reinforcement tensile
modulus from 250 kN/m to 42000 kN/m reduced the predicted horizontal movement of the wall
from 74 mm to 29 mm. Their study also showed that increasing the L/H ratio from 0.5 to 1
resulted in a 70%, 72.5% and 44.2% reduction in horizontal movement of the 12-m, 8-m and 4-

m walls, respectively.

Riccio et al. (2014) monitored the performance of a block-faced geogrid wall with a fine-grained
backfill. They found that soil compaction resulted in increased reinforcement tension. However,
mobilization of friction at the soil-block interface would help reduce the amount of tension that
was mobilized in the reinforcement. The data from the inclinometers indicated that lateral
movements increased consistently toward the top of the wall and the maximum deflection was

1.5% of the wall height at the end of construction.

Yang et al. (2014) monitored the performance of a 17 m-high, two-tiered geogrid reinforced soil
wall which was backfilled with a granular soil-rock mixture after construction. They monitored

facing displacement, horizontal earth pressures behind the facing and reinforcement strains in



the wall. Their results showed that the large particles in the backfill reduced the bond strength
between backfill and the geogrid in localized regions. Their displacement data also indicated
that the post-construction displacement of reinforced wall was small (i.e. 0.3% H; H: height of
wall) and this lateral movement was due to backfill-reinforcement slippage and time-dependent

properties of the sail.

5. EXPERIMENTAL PROGRAM

5.1. REDUCED-SCALE EMBANKMENT TESTS

The indoor model embankments were constructed using HP570 woven geotextile reinforcement
at three different GWC values equal to OMC-2%, OMC and OMC+2% and were subsequently
surcharge loaded to failure. The differences in the magnitudes of the soil-geotextile interface
strength and soil shear strength among these test cases were used to determine a moisture
reduction factor [MRF = p(w)] as per Equation 4 to account for the loss of reinforcement

interface shear strength due to increased GWC value in the soil.

5.1.1. TEST EQUIPMENT

A 2,000 mm (L) x 750 mm (W) x 1,200 mm (H) portable embankment test box with an
integrated loading frame was fabricated for the tests carried out in this study (Figure 2). The
sidewalls of the test box were lined with 30 mm-thick polycarbonate glass panels so that the
embankment deformations (including the formation of the slip plane) could be monitored and
measured. The steel columns and the thickness of the polycarbonate glass panels were
designed so that the sidewalls of the text box would be essentially rigid when the embankment

models were subjected to surcharge loading.



Figure 2. Test box and self-reacting loading frame fabricated for the reduced-scale indoor
embankment tests in this study

5.1.2. MATERIAL PROPERTIES

The soil used for the reduced-scale indoor embankment models was a lean clay (called
Chickasha clay in this report), i.e. CL and A-6 according to the Unified Soil Classification
System (USCS) and AASHTO, respectively with the properties as summarized in Table 1.

Table 1. Properties of the soil used for reduced-scale indoor embankment tests

Property CS 2780
Liquid Limit, Plastic Limit (%) 39, 22
Plasticity Index (%) 17
Specific Gravity* 2.75
Sand (%) 4.8
Silt (%) and Clay (%) 69.2, 26
Maximum Dry Unit Weight, kN/m? (pcf) 18.8 (120)
Optimum Moisture Content (%) 15

* http://www.eng.utoledo.edu/civil/heydinger/soil%20mechanics/labs/SMSpecGrav. pdf
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A woven polypropylene (PP) geotextile (Mirafi HP570) was used in the reduced-scale
embankment tests carried out in this study. Selected properties of the geotextile are

summarized in Table 2.

Table 2. Properties of the woven PP geotextile, Mirafi HP570 that was used for reduced-scale
embankment tests carried out in this study

Mechanical and physical ASTM Unit Maximum average Roll
properties test Value
method HP570
MD
Tensile strength (at ultimate) D4595  kN/m (Ib/ft) 70 (4800)
Tensile strength (at 5% strength) D4595  kN/m (Ib/ft) 35 (2400)
Factory seam strength D4884  kN/m (Ib/ft) 43.8 (3000)
Permeability D4491 mm/sec 0.05
Permittivity D4491 sec™ 0.4
Apparent opening size (AOS) D4751 mm 0.6
Soil-geotextile interface property
Interface adhesion at D5321 kPa 13.0, 11.9, 10.1
OMC-2%, OMC and OMC+2%
Interface friction angle at D5321 °) 13.2,12.8,12.4

OMC-2%, OMC and OMC+2%

Further details on the indoor model embankments including soil properties and instrumentation

plan are given by Hatami et al. (2013).

5.1.3. TEST PROCEDURE

The silty clay soil (Chickasha clay) was first air dried and broken into small pieces. Afterwards,
the soil was passed through a #4 sieve using a shredder and sifter machine (Figure 3). Next,
the soil was mixed with water to reach the target GWC value for each test. The wet soil was
stored in one hundred and forty (140) 25 kg-buckets and was sealed for at least 24 hours to
reach moisture equilibrium. The soil gravimetric water content (GWC) in each bucket was

measured using the oven drying method. The above procedure was repeated for every test.
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Figure 3. Processing the soil using a crusher-sifter machine for the reduced-scale indoor
embankment tests

5.1.4. CONSTRUCTION OF EMBANKMENT MODELS

Before constructing the model embankments in the test box, its sidewalls were lined with thin
clear sheets of Plexiglas to protect the polycarbonate glass panels against scratches during soll
placement and compaction. Next, the soil was placed and compacted in the test box in five 100-
mm lifts over the lower half of the embankment followed by nine 50-mm lifts. The soil was
compacted to 85% and 95% of its maximum dry unit weight (i.e. ygmax = 18.8 kN/m®) within the
100-mm lifts (i.e. lower half of the embankment) and 50-mm lifts (upper half), respectively. This
was done to expedite the construction of each model embankment given that the focus of the
study was on the interface between the single reinforcement layer and the soil within the upper
half of each model under the strip footing load (Hatami et al. 2013). It is important to note that
the embankments were not meant to be reinforced models. Rather, they provided a single-
reinforcement soil mass to produce MRF values for soil-reinforcement shear behavior in an
embankment configuration and compare them with those from earlier pullout and interface
shear tests. The instrumented geotextile layer was placed at 180 mm from the top of the

embankment surface.
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During construction of each embankment model, the GWC value of each soil lift during
compaction was determined by taking six (6) soil samples using the oven drying method (ASTM
2216-10). Additional 3 to 4 random soil samples were also taken after each 2-3 lifts had been
compacted to measure their GWC values and ensure that the loss of soil water content as a
result of compaction was negligible. Additionally, a total of 12 EC-5 sensors were used to
monitor the soil water content in the embankments before and after the tests. However, they
were only used at the end of construction to determine when the water content in the

embankment stabilized before the embankment could be loaded.

At the end of construction, the test box containing compacted soil at its target gravimetric water
content was sealed with plastic sheets at the top for a few days until the moisture and suction
sensors inside the embankment reached equilibrium with their surrounding soil. Afterwards, the
embankment facing was trimmed to the target slope angle to complete the construction stage

before the model was subjected to surcharge loading (Figure 4).
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Figure 4. (a) Trimming the embankment facing, and (b) Instrumented and complete
embankment while surcharge loading

5.1.5. LOADING OF MODEL EMBANKMENTS

The strip footing was placed on the embankment 320 mm away from the embankment crest. A
22-ton, 150-mm stroke hydraulic cylinder (Enerpac Model 506) was used to apply a vertical line
load on the model embankments via the strip footing. The vertical load was applied statically in
140 kg increments after it was observed at each load step that the rate of footing settlement had
been reduced to less than 0.05 mm/min following the application of the load. Loading continued
until a clear and continuous failure surface was observed initiating from the top of the
embankment and extending to the embankment facing after being intercepted by the
reinforcement layer. After the test was completed and the embankment failed, the test assembly

was carefully dismantled.

More details on the test setup, construction and loading of reduced-scale embankment models
are provided by Hatami et al. 2013 and 2014, Esmaili 2014 and Chan 2014.
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5.1.6. RESULTS

5.1.6.1. SOIL GWC AND SUCTION

Figure 5 shows distributions of the soil GWC within the embankment for all reduced-scale

indoor embankment tests that were carried out in this study. The results are compared with the
GWC values that were obtained from the SWCC (Hatami et al. 2013) and PST-55

psychrometers to examine the proximity of the as-placed values to the original target values.
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Figure 6 shows the data from EC-5 sensors during the testing period which indicate that the

GWC within the embankment had been stabilized before the loading phase of the tests started.
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Figure 6. Average GWC data from EC-5 sensors; (a) OMC-2%, (b) OMC, (c) OMC+2%. Note:
The vertical and horizontal lines indicate the time when the loading started and target
GWC, respectively.
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The results in Figure 6 show that the soil water content in the model embankments remained

essentially constant for nearly all cases during construction and after loading.

5.1.6.2. LOAD-SETTLEMENT DATA

Figure 7 shows the load-settlement data for all three indoor embankment tests involving the
HP570 geotexile reinforcement as compared to the data from earlier similar tests using HP370
(Hatami et al. 2013). The measured compression load is plotted as a function of the strip footing
settlement. Failure loads of the embankment models at OMC and OMC+2% for the HP370
geotextile and the OMC-2%, OMC and OMC+2% test cases with the HP570 geotextile were
determined using a so-called, tangent intersection method (e.g. Phoon and Kulhawy 2008); an
example of which is shown in Figure 7 for the test case at OMC+2% with HP370 geotextile
reinforcement (Table 3). Results in Figure 7 and Table 3 show consistently higher footing
bearing capacity for the embankment at OMC-2% as compared to the values in the OMC and
OMC+2% cases. As expected, higher suction led to a higher bearing capacity in otherwise
identical embankment models. Specifically, the bearing capacity values of embankments
reinforced with HP370 and HP570 woven geotextiles at OMC+2% were 40% and 33% lower
than those of otherwise identical models at OMC-2%, respectively.
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Figure 7. Load-settlement data for indoor embankments at different GWC values.

Table 3. Failure (or maximum measured) loads for embankment models constructed at different

GWC values
GWC Embankment constructed with Embankment constructed with
HP370 (Hatami et al. 2013) HP570
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13% 83.6 83.6 45 69.9 51.0 18

15% 73.0 59.0 20 53.8 41.5 20

17% 63.1 495 18 42.1 34.0 17
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The readings from the EPC sensors are shown in Figure 8. The Boussinesq method (e.g.
Budhu 2000) was used to compare theoretical predictions of the vertical and horizontal
incremental stresses within the embankment due to a line loading (as given in Equations 5 and
6) with the measured values. With X, Y and Z representing the directions along the running
length, width and depth of the model embankments, respectively, the incremental vertical stress

in the soil is given by:

3
Ao, = ' (5)
Where:
Ag,: Increase in vertical stress
q: Vertical line load
Z Vertical distance between the point the stress should be calculated and center of the line
load
X: Horizontal distance between the point the stress should be calculated and center of the
line load
Aoy =—27 ©)
Where:

Aay: Increase in horizontal stress

9: Soil Poisson’s ratio
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Figure 8. Comparison of the measured and theoretical predicted (Boussinesq method)
incremental stresses due to the strip footing loading at selected locations in model
embankments reinforced with HP570: (a) Test at OMC-2% performed on
01/04/2013, (b) Test at OMC performed on 12/12/2013 and (c) Test at OMC+2%
performed on 09/18/2013

Results shown in Figure 8 indicate that the vertical pressures predicted from the Boussinesq
equation are greater than the measured values in almost all test cases shown, which could be
attributed to the differences between the test setup and Boussinesq's assumptions. For
instance, the Boussinesq method is strictly applicable to a line load of infinite length on a semi-
infinite elastic and isotropic foundation, whereas in the embankment tests of this study, the line

load is finite in length and it is applied near a sloped boundary.

5.1.6.3. STRAIN DISTRIBUTIONS

Geotextile strains and local displacements were measured using six (6) wire-line extensometers
attached to different locations along the reinforcement length (Figure 9). The failure wedge in all
embankment models tested involved a bilinear slip plane that originated from the upstream side

of the footing beam on the top of the embankment and was intercepted by the reinforcement
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layer, forming a two-part wedge sliding block bracketed by the slip plane and the embankment

facing (Figure 10).

Figure 9. Wire-line extensometers attached to geotextile reinforcement to measure geotextile
strains

Figure 10 shows a comparison of failure wedges detected at the end of the surcharge loading
stage for the final six indoor embankment tests in the authors’ current and recent studies
(Hatami et al. 2013 and 2014). Each failure wedge shown is the mean value of geometries that
were traced near the sidewalls of the test box and at the center of the model embankment (i.e.
mean value of three curves along the running length of the embankment).

After the loading was completed, the loading assembly was removed and the failure wedge was
carefully excavated. The transparent Plexiglas sidewalls helped to trace the failure wedges prior
to excavation so that any additional cracks as a result of the excavation process could be
eliminated from the analysis. In all test cases, the failure wedges initiated at the back (i.e.
upstream) of the loading beam and propagated downward until they were intercepted by the
geotextile reinforcement. The bottom side of the resulting two-part failure wedge sheared
horizontally along the soil-geotextile interface as opposed to penetrating through the geotextile.
Since negligible movement was detected by the extensometer outside of the failure wedge (i.e.
WP #6), the observed failures were considered primarily as a combination of shear failure within
the soil along the dipping segment of the slip plane and along the soil-geotextile interface. It is
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worth nothing that the occurrence of sliding shear along the soil-reinforcement interface as a
consistent failure mechanism in all reduced-scale indoor embankment tests indicated a
successful design of the test setup (including factors such as the footing setback and location of
the single reinforcement layer within the embankment) with the objective to study direct shear
behavior of the unsaturated soil-reinforcement interface in an actual embankment setting that
could be compared with the corresponding DST results from the authors’ earlier studies (see
Section 6.1.3).
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Figure 10. Failure planes observed in the indoor model embankments: Comparison of failure
plane geometries as traced after excavation of failed block at the end of each test for
model embankments with (a) HP370 and (b) HP570 geotextile reinforcement

Figure 11 shows strain distributions over the length of the geotextile reinforcement
corresponding to the maximum strip footing load. Results in Figure 11 indicate that
reinforcement strains in both series of tests (i.e. those with HP370 and with HP570) are greater
at higher matric suctions and lower gravimetric water contents due to greater interface strength

properties in drier soils.
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Figure 11. Strain distributions in the geotextile reinforcement in different model embankments
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5.2. LARGE-SCALE OUTDOOR EMBANKMENT TESTS

5.2.1. TEST EQUIPMENT

Different design alternatives were initially explored for the large-scale test unit including a steel
test box, an embankment pit and finally, a reinforced concrete test box which was selected as
the final design alternative. This selection was made considering the project needs (e.g. a
practically rigid test box) and value as a long-term investment for future projects. The reinforced
concrete design alternative of the outdoor testing unit was finalized for this study and its
structural design was carried out by Dr. Christopher Ramseyer, P.E. (Director of the Fears
Laboratory). The nominal dimensions of the test box (Figure 12) are 5 m (L) x 3 m (W) x 2.8 m
(H). The walls on all sides of the test box are 0.3-m thick with the exception of two 0.45-m thick
wing walls on the sides on which base plates for the loading frame are mounted. The loading
assembly is comprised of a steel loading frame together with two 180-ton hydraulic cylinders
that were purchased from Enerpac Company (Figure 12a). The cylinders are attached to a 1.7-
hp semi-automatic electric pump and ancillary controls. A 32-channel data acquisition system is
housed on the side of the test box as part of the outdoor test station. An access earth ramp was
built to facilitate the transportation of processed soil to the test box for the construction of the
test embankments (Figure 12b).

(@)
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Figure 12. Test box and loading frame fabricated for the large-scale reinforced embankment
tests; (a) Mounting the loading frame, (b) Ramp for transporting soil to the test box
using a front loader

5.2.2. MATERIAL PROPERTIES AND INSTRUMENTATIONS

The experience with Chickasha clay in reduced-scale embankment tests indicated that its
mixing, processing and compaction for large-scale outdoor models would be time-consuming
and therefore it would not be a practical soil for the significantly larger outdoor tests.
Additionally, the Chickasha clay soil becomes stiff at lower water contents (e.g. OMC-2%)
resulting in reduced influence of reinforcement on the embankment behavior. Therefore, it was
decided to search for a more suitable marginal soil in the Norman-OKC area to study the soil-
reinforcement interface performance. After communications with selected ODOT field offices
and local contractors, a source of soil was identified from excavations in a recently completed I-
35/Main Street Interchange project in Norman, OK. Several samples were brought to the OU
Soils laboratory and tested to determine the soil gradation, Atterberg limits, Proctor compaction
curve and suction values at different gravimetric water contents (GWC). The Liquid Limit (LL),
Plastic Limit (PL) and Plasticity Index (PI) of the soil samples were found to be 18.3, 16.7 and
1.6, respectively. The target range of Pl values for a suitable range of matric suction and plastic
behavior was identified to be between 4 and 10. Therefore, it was decided to mix a small
amount of high-grade sodium bentonite (SUPER GEL-X) with the soil to produce a soil mix with
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desired ranges of matric suction and plasticity index. Several portions of SUPER GEL-X were
blended with the soil sample and it was eventually determined that a mixture of 98% soil and
2% SUPER GEL-X would produce a desired mix with Pl = 7.8 and 500 to 900 kPa of suction for
the GWC values within the range between 8.1 and 12.1 (i.e. OMC+2%).

Subsequently, 40 cubic meters of the soil from the I-35/Main St. project and twenty five 22-kg
bags of SUPER GEL-X were obtained and transported to the Fears laboratory to prepare and
process for large-scale embankment tests (Figure 13).

Test box

Figure 13. Soil deposit at Fears laboratory for large-scale reinforced embankment tests

A series of sieve analysis, hydrometer tests and modified proctor tests was carried out on the
blended soil with 2% SUPER GEL-X with the results as shown in Figure 14. The solil is
classified as SC (or A-2-4) and its physical and mechanical properties are summarized in Table
4.
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Maximum dry unit weight and OMC of sand from modified proctor tests. Note:
Dashed line in ‘a’ indicates Sieve #4 opening size.
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Table 4. Selected properties of the soil used for outdoor embankment tests in this study

Property

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

The outdoor reinforced embankments were constructed using the HP370 geotextile as the
reinforcement layers. The same reinforcement material had been used in an earlier series of
indoor embankment tests (Hatami et al. 2013). The model embankments were constructed and
surcharge loaded at GWC values equal to OMC-2% and OMC+2%.

Three (3) EPC sensors and three (3) LVDTs were used in the full-scale embankments to
measure the vertical pressure within the embankment and to monitor the vertical deformation
of embankment surface near the loading beam, respectively. Sixteen (16) wire potentiometers
(WPT) were attached to four (4) layers of reinforcements to measure their local displacements

and strains. Two WPTSs also were used to measure the footing settlement (Figure 15).
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(b)

Figure 15. (a) WPTs installed at the back of the test box to measure geotextile local
displacements, (b) WPT used to measure footing settlement

Nine (9) EC-5 sensors were placed near the soil-geotextile interfaces to monitor the GWC

during the construction and loading phases of the tests. The lateral deformation of

embankments facing was monitored by observation and manual measurements by using
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reference square plates in 4 rows over the height of the embankment facing. Figure 16 shows

the instrumentation plan for the outdoor tests.
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Figure 16.  Instrumentation plan for large-scale reinforced embankment tests: (a) Cross
@
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5.2.3. TEST PROCEDURE

The bulk of the soil for the outdoor tests was obtained and transported from the recently
completed I-35/Main St. interchange project in Norman, OK to the Fears laboratory at OU. For
the construction of each embankment, the amount of soil necessary for two lifts was spread on
the ground near the test station and 5 samples were taken from the bottom, top and middle of
the soil to determine its initial GWC value. Then, 2% by weight of the SUPER GEL-X sodium
bentonite and a calculated amount of water for each target GWC was added and the soil was
thoroughly mixed using a rotary tiller. Afterwards, the blended soil was sampled to test its
moisture content. Figure 17 shows images from the soil preparation procedure for placement in

the test box in the following day.

(@)

35



(©

Figure 17. Preparation of the soil at OMC-2% for large-scale outdoor embankment tests: (a)
Sampling for moisture content, (b) Blending the soil with bentonite and water, (c)
Covered batch of blended soil for moisture equilibrium before its placement inside
the test box

5.2.4. CONSTRUCTION OF EMBANKMENT MODELS

Before constructing the embankment models in the test box, its side walls were coated with
polyurethane paint to reduce the friction between the concrete walls and the embankment soil
during the tests. The soil was placed and compacted in the test box in eleven (11) 150-mm lifts

and to the target value of 95% of its maximum dry unit weight (i.e. yq4 = 20.6 kN/m®). The
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compaction of each layer was carried out in a consistent manner using a Chicago pneumatic
rammer (Model 9662) (Figure 18).

(b)

Figure 18. (a) Placement of the soil in the test box, (b) Compaction of the prepared soil
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Each embankment was reinforced with four (4) layers of instrumented geotextile with the
uniform spacing of 300 mm. Compaction of each lift took approximately 45 minutes, and oven-
drying method, tube sampling and rubber balloon method (ASTM D2167) were used to
determine the as-compacted GWC, dry unit weight and degree of compaction of each lift at
seven (7) different locations (Figure 19). Figure 19a shows the geogrid template used for a
consistent sampling pattern throughout the embankment during its construction. The
compacted soil inside the test box was covered with a heavy duty tarp every day before leaving

the site to preserve the soil moisture content (Figure 20).

(b)
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Figure 19. (a) Locations of moisture and density samples in each compacted lift as marked on
a reference grid, (b) Tube sampling for density measurements, (c¢) Rubber balloon
method for density measurements. Note: All dimensions in (a) are in “mm”.

Figure 20. Covered embankment with tarp and plastic sheets during construction to preserve
moisture content and expedite moisture equilibrium
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After the embankment was fully constructed, the embankment facing was trimmed to the target
slope to complete the construction stage before the model was subjected to surcharge loading.
Eight (8) 25-mm square plates were mounted on the embankment facing to serve as reference

points to monitor its lateral deformation during the loading stage (Figure 21).
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Figure 21. (a) Trimming of the embankment facing, (b) Locations of reference plates on the
slope

40



5.2.5. LOADING OF EMBANKMENTS

Before starting the loading phase of the tests, the location of the loading beam on the
embankment was leveled and prepared to prevent any uncontrolled rotations of the beam
during loading. Afterwards, the beam was moved to the test box using a forklift and it was
placed on the embankment 355 mm away from the crest (Figure 22). Two load cells which 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 after embankment failure. The surcharge load was then
applied incrementally on the embankment using two 200-ton, 300-mm stroke hydraulic
cylinders (Enerpac Model CLRG-20012) and an Enerpac Electric Pump (Model ZU4420SB,;
Figure 23). The loading phase continued until a clear and continuous slip surface initiated from

the top of the embankment and extended to the embankment facing.
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Figure 22. Preparing the loading beam for the test: (a) Leveling off under the beam, (b) Moving
the beam to the test box using a forklift, and (c) Location of the loading beam as
measured from the embankment crest
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Figure 23. The setup of the loading assembly for embankment tests

5.2.6. RESULTS

5.2.6.1. SOIL GWC

GWC value of each soil lift was measured during construction, immediately after compaction
and before placing the following lift by taking 7 soil samples from each lift using the oven drying
method (ASTM 2216-10). Figure 24 shows the distributions of the soil water content within the
large-scale model embankments as measured at designated locations (Figure 19a).
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Figure 24.  Distribution of GWC within the embankment models, (a) Immediately after
compaction of each lift, (b) before placement of the next lift (a and b: test case at
OMC-2%), (c) After loading and failure of the embankment for the test case at
OMC+2%. Note: Horizontal dashed line indicates target GWC value.

Figure 25 shows the data from the nine (9) EC-5 sensors which were used to monitor the soil
water content during construction and surcharge loading of the embankment model at OMC-2%.
The results indicate that the GWC within the embankment was practically stable and uniform

before the loading phase started.
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Figure 25. Mean GWC values from EC-5 sensors in the large-scale model embankment
constructed at OMC-2%; (a) Construction and loading stages, (b) Loading stage
only. Note: The horizontal line in the middle of the graphs indicate target GWC value.
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Results in Figure 25 show that the GWC value in the model embankment remained essentially

constant during construction and after loading.

Figure 26 shows the variations in the soil density and degree of compaction throughout the
embankment using brass tube and rubber balloon methods at Locations #1 through #7. Care
was taken to compact each lift with consistent effort (i.e. equal passes of compactor equipment).
However, measured values for the degree of compaction in Figure 26 indicate that the degree of
compaction over the entire embankment varied between 85% and 89% (with equivalent
densities between 1750 and 1840 kg/m?, 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. Another possible explanation is the
difference that invariably exists between the locked-in stresses in the soil near the boundaries of
the text box and those in the middle of the embankment plan area.
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Figure 26. Density results in the model embankment after compaction of each lift
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5.2.6.2. LOAD-SETTLEMENT AND EARTH PRESSURE RESULTS

Figure 27 shows the load-settlement data for the model embankments constructed at OMC-2%
and OMC+2%. Results indicate that the reinforced embankment tested at OMC+2% showed
unexpectedly higher load bearing capacity than the model constructed at OMC-2%. A possible
explanation is that the blended soil in the second embankment ended up with a slightly larger
concentration of bentonite (i.e. >2%), which indicates that cohesion has a significant
contribution in the stability of embankments and reinforced soil slopes. As a result, a series of
FLAC/Slope stability analyses was carried out to predict the failure load for the model
embankment that was constructed at OMC+2%. Details of those analyses are given in Section
6.2.2.
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Figure 27. Load-settlement response of the large-scale reinforced model embankment models

Figure 28 shows the measured (EPC) and predicted (i.e. 0 = yz) earth pressure values within
the embankment during the construction and surcharge loading stages. Results in Figure 28a

indicate that measured earth pressures at all three locations in the embankment that was tested
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at OMC-2% were significantly greater than the corresponding theoretical values. Additionally,
the vertical pressures did not increase linearly with the number of lifts that were placed during
construction. These observed differences could be attributed to the influences of factors such as
the weight and dynamic loading of compaction equipment and construction crew during the
construction activity, which resulted in locked-in stresses. It is also observed that the differences
between the measured and predicted vertical earth pressures at all locations shown in Figure
28a 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 measured vertical earth pressure at the bottom of the embankment from EPC #1 was 38
kPa which is only 20% greater than the corresponding theoretical value. Results in Figure 28a
also show that the maximum difference 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 Figures 26b and 26c¢ indicate that the values of
maximum recorded earth pressure at failure at mid-height of the slope (EPC #3) were
approximately 35 kPa 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 side of optimum.
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Figure 28. Earth pressure data in the model reinforced embankments, (a) During construction of
model tested at OMC-2%, (b) During surcharge loading of embankment constructed
at OMC-2%, and (c) During surcharge loading of embankment constructed at
OMC+2%

5.2.6.3. EMBANKMENT DEFORMATIONS

Deformation of embankment near footing was measured using LVDTs at three different
locations. Figure 29 shows measured settlements of the embankment top surface during
surcharge loading. Results indicate that the embankment surface behind the footing (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 Figure 29 indicate that the embankment crest
started to heave once the embankment was subjected to the strip footing load. The heaving
continued throughout the test but started to reverse into settlement when the embankment
approached failure. The LVDT 3 data indicates that the vertical displacement of embankment
surface just outside the reinforced mass (1325 mm away from the footing center) was negligible
(less than 0.1 mm at failure load). The LVDT results are consistent with the data obtained from

reduced-scale embankment models (Hatami et al. 2013).
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Figure 29. Measured settlements of the embankment top surface near the footing during
surcharge loading, (a) OMC-2%, and (b) OMC+2%
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Figure 30 shows the facing displacement of embankment model constructed at OMC-2%.
Plates #1, 4, 5 and 8 were the bottom left, top left, bottom right and top right reference plates,
respectively, as shown in Figure 21b. Two additional plates were mounted at the crest level.
However, they fell off the embankment during surcharge loading of test at OMC-2%. Results in
Figure 30 indicate that a significant horizontal displacement occurred in the embankment slope
150 mm below the top (i.e. 4™) reinforcement layer. The failed block slid up to between 116 mm
and 146 mm outward on the 3 geotextile layer as measured using 25-mm square reference

plates on both (i.e. left and right) sides of the slope facing.
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Figure 30. Facing deformation of embankment model as measured using reference plates; (a)
at OMC-2%, and (b) at OMC+2%. Note: The facing displacement on x-axis is
determined by taking mean value of left and right reference plate.

5.2.6.4. SLIP SURFACE AND STRAIN IN GEOTEXTILE REINFORCEMENT
LAYERS

Figure 31 shows traced geometry of the slip plane during embankment excavation after the end
of the surcharge loading test. The failure wedge in the reinforced mass originated from the back
of the loading beam on the surface of the embankment and the dipping slip plane was
intercepted by the top two (i.e. 3 and 4™) geotextile layers as shown in Figures 31 and 32.
These figures indicate that the failure geometry was complex and involved a combination of soil
shearing, pullout interaction and interface shearing along the top geotextile reinforcement, and

interface shearing between the soil and the third geotextile layer.
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Figure 31. Failure plane geometry as traced after careful excavation of the failed block at the
end of the test constructed at OMC-2%. Note: all dimensions are in “mm”.
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(d)

Figure 32. Failure wedge in the embankment model tested at OMC-2%; (a) Initiation of slip
plane on embankment surface, (b) Excavated part of failure wedge above the fourth
layer of geotextile, (c) Continuation of slip plane underneath the fourth geotextile

layer and (d) Excavated part of slip plane shown in “c” which slid over the third layer
of geotextile

At the end of each test, the loading assembly was removed and excavation was started by
carefully removing the soil within the failure wedge (Figure 33).
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(b)

Figure 33. (a) Moving construction equipment out of the test box using a forklift, (b) Digging the
soil around sensors during the excavation phase after surcharge loading was
completed

Figure 34a shows local displacements of the top (4™) geotextile layer and Figure 34b shows the
corresponding strain distributions at failure load over the length of all reinforcement layers for
the test at OMC-2%. Results in Figure 34b show that the top geotextile reinforcement
experienced a maximum strain of 2.4% at the front end which decreased to 0.4% at its tail end.
The strain distributions in the top reinforcement layer which experienced pullout are consistent

with those from earlier large-scale pullout tests (Esmaili et al. 2014).
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Figure 34. (a) Local displacement of the top (4™) geotextile layer as measured using five wire
potentiometers in the embankment at OMC-2%, and (b) Strains along the length of
geotextile layers for model at OMC-2%; Note: Black, red, green and blue indicate
the footprint of the loading beam at the 1% (bottom), 2™, 3™ and the 4™ (top)
geotextile elevations.
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6. SLOPE STABILITY ANALYSIS

6.1. METHODOLOGY

Slope stability analysis was carried out using GSTABL (Gregory Geotechnical Software 2003) to
study the stability of large-scale 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
outdoor test. The stability of an otherwise identical reinforced embankment constructed at

OMC+2% was subsequently predicted using the GSTABL program.

A series of slope stability analyses was carried out with GSTABL using several methods
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 was found that stability calculations using the Janbu

method were more reasonable and comparable to the experimental data in this study.

A series of reduced-scale pullout tests was carried out at different GWC values (i.e. OMC-2%
and OMC+2%) and overburden pressures (i.e. 50, 75 and 100 kPa) to determine the pullout
capacity of the geotextile reinforcement per unit width (P,) at different GWC values for GSTABL
analysis. Table 5 shows the results of pullout tests on the HP370 geotextile reinforcement in the
soil that was used in the large-scale outdoor reinforced embankment tests and the

corresponding MRF values.
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Table 5. Reduced-scale pullout test data and MRF values for the large-scale
reinforced embankment soil and the HP370 geotextile reinforcement at
different overburden pressures

Force in reduced-scale pullout tests

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

Table 6 shows the input parameters used in the GSTABL stability analysis. The average vertical
stress on each reinforcement layer at the laboratory failure load was determined using the
Boussinesq method (Budhu 2000) and the P, values were either interpolated or extrapolated
from the pullout test results. The P, values were determined by prorating the reduced-scale
pullout capacity values P, s by the ratio L¢/L, in the form:

Pr = Pr_rs X Le/Lp )

where L. and L, are the reinforcement embedment lengths in the full-scale reinforced
embankment and in the reduced-scale pullout tests (40 mm), respectively.

Table 6. Input parameters used in the GSTABL stability analysis

Geotextile

Soil | e 1 ond 3 4T

layer | layer | layer | layer

¥ (kN/m® | 19.3

OMC-2% P, (kN/m) | 33.8 | 39.2 | 46.7 | 56.4
¢ (kPa) 12.2,
o (°) 375
¥ (KN/m®) 20 | P, (kN/m)® | 26.4 | 30.5 | 36.4 | 44.0
OMC+2%
¢ (kPa) 10.8,
¢ (°) 34.3

@ P, values in the embankment at OMC+2% were calculated using the following equation:

Pr omc+2% = Pr_omc200XMRF
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6.2. RESULTS

6.2.1. EMBANKMENT MODEL AT OMC-2%

Figures 35a and 35b show the factor of safety and geometry of failure as obtained from the
GSTABL analysis using the Janbu method after applying the observed experimental failure
pressure (i.e. 450 kPa). Results in Figure 35b 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 outdoor 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 using a multi-part wedge analysis (as opposed to a circular geometry)

which is reserved for a future work.
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Figure 35. Slope stability analysis of the outdoor reinforced embankment model constructed at OMC-2% using GSTABL: (a) Model
geometry, (b) Critical slip surface and factor of safety
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6.2.2. EMBANKMENT MODEL AT OMC+2%

Figure 36 shows predicted slip surface and factor of safety within the embankment as it was
subjected to the laboratory failure pressure of 450 kPa. Results in Figure 36 indicate that the
MRF value applied to the soil-geotextile interface lowered the factor of safety from 1.086 to
0.937 and show that the embankment constructed on wet side of optimum would be unstable
when subject to footing pressure of 450 kPa. Figure 37 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 constructed at OMC+2% is 320 kPa. The results indicate that when the interface
strength of soil- geotextile decrease by 22% (MRF= 0.78) as a result of wetting, the load bearing
capacity of the embankment decreases by 30% as compared to the model constructed at OMC-
2%.
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Figure 36. Predicted slip plane and factor of safety for the embankment model constructed at OMC+2% from GSTABL analysis
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Predicted slip plane and failure load for the embankment model constructed at OMC+2% from GSTABL analysis to
reach the factor of safety equal to 1.086. Note: White circles on the facing slope indicate the initiation points of possible
slip planes formed within the large-scale embankment in GSTABL model.
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MOISTURE REDUCTION FACTOR, u(w)

Figure 38 summarizes the p(w) values (i.e. MRF) for the reduced-scale indoor embankment

tests as calculated from Equation 8:

[(cq+on tﬂ“EJLIS]far each test case (8)

[(cq+on tans )Lys] gz 0 MC—204

nw) =

where L5 is the length of the sheared soil-reinforcement interface and c, and § are interface

shear strength parameters.

1.2
M(w) HP370 =-0.065w + 1.83
L p(w) HP570 =-0.053w + 1.68
0.8 -
306 -
=
0.4 -
<> Embankment constructed with HP370
0.2 -
O Embankment constructed with HP570
O T T T
10 12 14 16 18

w (%)

Figure 38. Moisture reduction factors from indoor embankment tests with HP370 and HP570
geotextile reinforcement

Results shown in Figure 38 for the indoor model embankments indicate that the moisture
reduction factors [MRF or u(w)] for a change in the soil GWC value from OMC-2% to
OMC+2% is approximately 74% in the case of HP370 geotextile reinforcement and 79% in the
case of HP570.
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8. CONCLUSIONS

The primary objective of this study was to determine moisture reduction factors [MRF or u(w)]
for the interface shear strength of geotextile reinforcement for the design of reinforced soll
structures with marginal soils using multi-scale laboratory embankment tests. Based on the
results of this study, the current FHWA equation for the shear resistance of soil-geotextile
reinforcement interface could be modified to explicitly account for the influence of the
unsaturated soil moisture content in the internal stability calculations of reinforced soil structures
with marginal soils. The MRF values can help design engineers estimate the magnitude of
reduction that could be expected in the soil-reinforcement interface shear strength as a result of

wetting during construction or service life of the embankment structure.

The results of embankment tests in this study indicated that regardless of the size of the model
examined, the embankment model constructed at OMC-2% resulted in the largest failure load
when subjected to a line surcharge load simulating loading from bridge abutments. The failure
loads of reduced-scale indoor embankment models that were built and tested at OMC+2% were
as much as 40% smaller than that of the model compacted and tested at OMC-2%. The results
of stability analysis using GSTABL also indicated that the bearing capacity of outdoor
embankment model constructed at OMC-2% was 40% larger compared to the model at OMC-
2%. The MRF values for the case of OMC+2% (using the OMC-2% case as baseline) for the
embankment models constructed with HP370 and HP570 geotextiles were 74% and 79%,

respectively.
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